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ABSTRACT
We present molecular spectroscopy toward 50 Galactic supernova remnants (SNRs) taken at mil-
limeter wavelengths in 12CO and 13CO J = 2 − 1 with the Heinrich Hertz Submillimeter Telescope
as part of a systematic survey for broad molecular line (BML) regions indicative of interactions with
molecular clouds (MCs). These observations reveal BML regions toward nineteen SNRs, including nine
newly identified BML regions associated with SNRs (G08.3−0.0, G09.9−0.8, G11.2−0.3, G12.2+0.3,
G18.6−0.2, G23.6+0.3, 4C−04.71, G29.6+0.1, G32.4+0.1). The remaining ten SNRs with BML re-
gions confirm previous evidence for MC interaction in most cases (G16.7+0.1, Kes 75, 3C 391, Kes
79, 3C 396, 3C 397, W49B, Cas A, IC 443), although we confirm that the BML region toward HB 3
is associated with the W3(OH) H ii region, not the SNR. Based on the systemic velocity of each MC,
molecular line diagnostics, and cloud morphology, we test whether these detections represent SNR-MC
interactions. One of the targets (G54.1+0.3) had previous indications of a BML region, but we did
not detect broadened emission toward it. Although broadened 12CO J = 2 − 1 line emission should
be detectable toward virtually all SNR-MC interactions we find relatively few examples; therefore,
the number of interactions is low. This result favors mechanisms other than SN feedback as the basic
trigger for star formation. In addition, we find no significant association between TeV gamma-ray
sources and MC interactions, contrary to predictions that SNR-MC interfaces are the primary venues
for cosmic ray acceleration.
Subject headings: ISM: supernova remnants — ISM: molecules — shock waves
1. INTRODUCTION
Supernovae (SNe) inject kinetic energy, momentum,
and enriched ejecta into the interstellar medium (ISM)
and are thought to be one of the main sources of inter-
stellar turbulence and galactic outflows. An important
factor in understanding these processes is the evolution
of supernova remnants (SNRs) as their ejecta encounter
various phases of the ISM. For example, a large frac-
tion of core-collapse SNe from high-mass stars may ex-
plode promptly and interact with the molecular cloud
(MC) from which they formed. This hypothesis sug-
gests that the direct interaction between supernova (SN)
ejecta and MCs, which we refer to as SNR-MC inter-
actions, may occur at a rate significantly higher than
expected from the filling fraction of molecular gas in the
ISM (Elmegreen & Lada 1977). While it has been esti-
mated that as many as half of all SNRs have ejecta in
physical contact with MCs (Reynoso & Mangum 2001),
this estimate is highly uncertain and relies on a num-
ber of assumptions about massive stars, SNe, and the
relation between SNe and MCs.
Detection of SNR-MC interactions has traditionally
relied on a number of methods for observing shocked
molecular gas directly. Strong, narrow emission from
the OH 1720 MHz maser (2Π3/2, J = 3/2, F = 2 →
1) is often detected in the vicinity of SNRs, espe-
cially those with other signatures of SNR-MC interac-
tions (Goss & Robinson 1968; Haynes & Caswell 1977;
Denoyer 1979b). More recent surveys have established
that targeted searches for OH maser emission may be
a reliable method of searching for SNR-MC interactions
(e.g., Frail et al. 1996; Green et al. 1997). To date, how-
ever, OH masers have only been detected toward ∼ 10%
of the 294 known SNRs in our galaxy (Green 2014), al-
though a lack of detailed spectroscopic information and
localization makes it impossible to associate all of these
detections with SNRs. This low incidence relative to the
expected rate of SNR-MC interactions may be due to
the unique physical conditions required for maser emis-
sion. OH 1720 MHz masers are collisionally excited be-
hind slow (< 45 km s−1) C-type shocks in regions with
moderate temperatures and densities (T ∼ 50 − 125 K,
nH2 ∼ 10
5 cm−3) (Lockett et al. 1999). Studies of the
warm, diffuse H2 regions around interacting SNRs indi-
cate that physical conditions are often outside this range
(Hewitt et al. 2009). Regions with higher shock veloc-
ities could also depopulate the hydroxyl 2Π3/2 state or
dissociate the molecule entirely. Convincing evidence of
SNR-MC interactions must come from other sources in
these cases.
Internal flows within SNRs are expected to become
highly turbulent where the SNR shock front interacts
with the dense ISM (Jun & Jones 1999). Molecular lines
toward SNRs, such as the rotational transitions of 12CO,
should be velocity-broadened as a result of increased
turbulence from a SNR-MC interaction. Shocked MCs
are also known to exhibit asymmetric line profiles where
these interactions occur (Reach & Rho 1999; Koo et al.
2001; Jiang et al. 2010). As opposed to the presence of
OH 1720 MHz maser emission, the detection of velocity-
broadened, broad molecular line (BML) 12CO relies on
more detailed spectroscopic information, especially in
faint line “wings” where turbulent broadening is usually
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most apparent. At the same time, this type of observa-
tion offers insight into SNR evolution and the physical
properties of both SN ejecta and MCs.
Even if the studies of OH maser emission, BML emis-
sion, and other shock indicators are all taken together,
only about 60 Galactic SNR-MC interactions have been
identified. However, to date there has been no large-
scale systematic survey for shock-broadened molecular
lines. Instead, the interactions have not been identi-
fied in a homogeneous manner, but are generally a re-
sult of investigations of individual SNRs, notably IC
443, W28, W44, CTB 109, Kes 69, Kes 79, W51C,
and Cassiopeia A (Cas A) (Wootten 1977; Denoyer
1979a; Tatematsu et al. 1990; Green & Dewdney 1992;
Koo & Moon 1997; Arikawa et al. 1999; Reach & Rho
1999; Zhou et al. 2009; Kilpatrick et al. 2014). These
sources span a wide range of ages and morphologies,
from young, shell-like SNRs such as Cas A, through
middle-aged and older (> 104 yr) remnants, and includ-
ing mixed-morphology remnants and plerions. A sys-
tematic and unbiased survey of broadened CO emission
toward Galactic SNRs may yield a larger incidence of
such interactions.
The work described in this paper uses CO emission for
the first large-scale, systematic search for BML regions
toward SNRs. To interpret these observations, we devel-
oped an algorithm to identify regions of broadened 12CO
J = 2 − 1 emission where they exist toward each SNR-
MC system. We justify these identifications using the
approximate systemic velocity at the distance inferred to
each SNR, an estimate of the “broadened” CO emission,
and the radio continuum morphology of the remnant it-
self. In this way, we have identified BML regions toward
nineteen SNRs in our sample, including nine newly iden-
tified candidate SNR-MC interactions.
2. SOURCE SELECTION AND DISTANCES
The SNRs in our survey were selected from those
accessible with the Heinrich Hertz Submillimeter Tele-
scope (SMT) on Mt. Graham, Arizona, (λ, φ) =
(−109.8920,+32.7013). In general, all SNRs with dec-
lination greater than −22◦ were considered, yielding a
sample between Galactic longitude +4.5 and +190 de-
grees. There are currently 160 known SNRs in this vol-
ume (Green 2014). From this larger sample, we selected
SNRs with an apparent size less than 20′ in diameter
along their largest axis. The targets we observed are
listed in Table 1.
Some targets listed in Table 1 were selected for com-
parison to our larger sample. These SNRs are well-
studied and large (diameter > 20′) and in these cases we
mapped a smaller subregion of the entire remnant. These
targets include CTB 80, CTB 1, HB 3, and IC 443. IC
443 is a well-known SNR-MC system, while HB 3 is sus-
pected to have SNR-MC interactions (Routledge et al.
1991).
2.1. Distances
Reliable distances are critical when characterizing
SNRs. In order to draw an association between broad-
line MCs and the SNRs themselves, a variety of distance
indicators exist such as proper motion estimates, radial
velocity, H i absorption, and OB associations, each with
varying degrees of uncertainty. Where the properties
of SNRs and their environments differ, distance indica-
tors can yield estimates with significant disagreement.
For example, the distance to G4.5+6.8 (Kepler/SN
1604) has historically been controversial, with estimates
ranging from around 4 − 6 kpc (Leibowitz & Danziger
1983; White & Long 1983; Reynoso & Goss 1999; Vink
2008; Chiotellis et al. 2012) to 10− 12 kpc (Milne 1970;
Ilovaisky & Lequeux 1972; Borkowski et al. 1992), al-
though proper motion estimates now favor the closer dis-
tance. This lack of agreement between various meth-
ods underscores the systematic uncertainties present
in all distance indicators, from discrepant optical ab-
sorption (Danziger & Goss 1980) to disagreement in
the maximum optical brightnesses of historical SNe
(van den Bergh et al. 1973).
For these reasons, we carefully chose distance indica-
tors from among the literature, favoring those deter-
mined from proper motion estimates, kinematic esti-
mates from H i absorption and CO associations, and line-
of-sight X-ray absorption. The values we chose are given
in Table 1 and described in Appendix A. However, for
nineteen of the remnants in our survey, we were unable
to find reliable distance indicators in the literature. For
these objects, we resort to the surface brightness-size or
Σ−D relation (Shklovskii 1960; Clark & Caswell 1976).
This empirical relationship describes SNR evolution with
time, whereby the radio surface brightness (Σ) decreases
monotonically while the physical diameter (D) increases
monotonically. Thus, a power law relationship can be fit
such that
Σ = ADβ (1)
A and β are calibrated using SNRs whose distances are
known from other methods. Measuring the radio surface
brightness and angular size of the SNR then yields an
angular diameter distance. Pavlovic et al. (2014) fit this
relationship and derive distances to 225 Galactic SNRs.
The authors find the best-fit slope to be β ≈ −5.2. This
method involves significant systematic uncertainties and
should be used with caution. Distance measurements for
some of the SNRs in our sample are taken from this study
where we adopt the authors’ most probable distance (i.e.,
the orthogonally fit value from Table 4 in Pavlovic et al.
(2014)). These include sixteen out of the 50 SNRs we ob-
served. We provide our own estimates for the remaining
three SNRs, which we describe in Appendix A.
3. OBSERVATIONS
We mapped the vicinity of 50 SNRs (Table 1, Figure 1)
with the 10m SMT using the ALMA-type sideband sep-
arating 1.3 mm receiver between 2013 April 21 and 2015
May 8. Apart from the size and average RMS noise of
each map as given in Table 1, the observations and reduc-
tion for each remnant were identical to those described
in Kilpatrick et al. (2014).
As discussed in § 2, there were several targets for which
we did not observe the entire remnant. Rather, we tar-
geted either a region we knew to have broadened lines
or an X-ray (i.e., 0.5− 10 keV) bright region toward any
known molecular emission. These objects were used ei-
ther for comparison to other targets (HB 3, IC 443) or as
a targeted search for new BML regions toward large rem-
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TABLE 1
Supernova Remnants in Survey
Cat. No. Name α (J2000) δ (J2000) Region RMS Distance BML? Type Pulsar TeV γ-ray (σ) Ref.
(h m s) (d m) (K) (kpc)
G4.5+6.8 Kepler 17 30 42 −21 29 10
′
× 10
′
0.17 4.0 S HESS (0.68)
G08.3−0.0 18 04 34 −21 49 10
′
× 10
′
0.08 16.3 D S HESS (14.6)
G09.9−0.8 18 10 41 −20 43 13
′
× 10
′
0.11 6.4 D S HESS (-0.1)
G10.5−0.0 18 09 08 −19 47 10
′
× 10
′
0.15 14.4 S HESS (4.6)
G11.2−0.3 18 11 27 −19 25 10
′
× 10
′
0.09 4.4 D C Y HESS (5.5) 1
G11.8−0.2 18 12 25 −18 44 10
′
× 10
′
0.09 19.4 S HESS (1.7)
G12.0−0.1 18 12 11 −18 37 7
′
× 7
′
0.12 10.9 S HESS (0.7)
G12.2+0.3 18 11 17 −18 10 10
′
× 10
′
0.09 15.6 D S HESS (2.4)
G12.5+0.2 18 12 14 −17 55 10
′
× 10
′
0.12 15 C HESS (4.7)
G12.8−0.0 18 13 37 −17 49 10
′
× 10
′
0.11 4.8 C Y HESS (24.3) 2
G13.5+0.2 18 14 14 −17 12 10
′
× 10
′
0.12 13.3 S HESS (3.3)
G14.3+0.1 18 15 58 −16 27 10
′
× 10
′
0.11 18.7 S HESS (1.8)
G15.9+0.2 18 18 52 −15 02 8
′
× 7
′
0.11 8.5 S HESS (1.4)
G16.7+0.1 18 20 56 −14 20 10
′
× 10
′
0.15 10 DP C HESS (4.7) 3,4,5
G17.0−0.0 18 21 57 −14 08 10
′
× 10
′
0.18 18.1 S HESS (6.6)
G18.1−0.1 18 24 34 −13 11 8
′
× 8
′
0.13 5.6 S HESS (6.9)
G18.6−0.2 18 25 55 −12 50 6
′
× 6
′
0.13 13.2 D S HESS (2.8)
G21.5−0.1 18 30 50 −10 09 10
′
× 10
′
0.09 18.9 S HESS (1.2)
G21.5−0.9 18 33 33 −10 35 10
′
× 10
′
0.07 4.8 C Y HESS (6.4) 7
G23.6+0.3 18 33 03 −08 13 8
′
× 8
′
0.12 6.9 D ? HESS (1.5)
G27.4+0.0 4C−04.71 18 41 19 −04 56 10
′
× 10
′
0.10 8.5 D S Y HESS (6.0) 3,8
G29.6+0.1 18 44 52 −02 57 8
′
× 8
′
0.16 10 D S Y HESS (4.5) 9
G29.7−0.3 Kes 75 18 46 25 −02 59 10
′
× 10
′
0.13 6.0 DP S Y HESS (10.1) 3,10,11
G30.7−2.0 18 54 25 −02 54 17
′
× 16
′
0.14 4.7 ? HESS (0.9)
G31.5−0.6 18 51 10 −01 31 19
′
× 18
′
0.11 6.3 S HESS (1.9)
G31.9+0.0 3C 391 18 49 25 −00 55 10
′
× 10
′
0.10 7.2 DP S HESS (0.0) 5,12,13,14
G32.4+0.1 18 50 05 −00 25 10
′
× 9
′
0.10 17 D S HESS (2.2)
G33.2−0.6 18 53 50 −00 02 19
′
× 18
′
0.11 5.7 S HESS (2.5)
G33.6+0.1 Kes 79 18 52 48 +00 41 10
′
× 10
′
0.13 7.1 DP S Y HESS (2.7) 3,15,16
G36.6+2.6 18 48 49 +04 26 19
′
× 13
′
0.09 8.7 S HESS (-1.4)
G39.2−0.3 3C 396 19 04 08 +05 28 10
′
× 10
′
0.11 6.2 DP C Y? HESS (0.5) 3,17,18,19
G41.1−0.3 3C 397 19 07 34 +07 08 10
′
× 10
′
0.10 10.3 DP S HESS (3.0) 3,20
G43.3−0.2 W49B 19 11 08 +09 06 10
′
× 10
′
0.09 2.5 DP S Y? HESS (1.0) 3,21,22
G54.1+0.3 19 30 31 +18 52 10
′
× 10
′
0.09 6.2 P C Y HESS (3.8) 3,17,23,24
G57.2+0.8 4C-21.53 19 34 59 +21 57 13
′
× 10
′
0.19 8.2 S HESS (0.8)
G59.8+1.2 19 38 55 +24 19 24
′
× 10
′
0.11 7.3 F HESS (1.6)
G63.7+1.1 19 47 52 +27 45 10
′
× 10
′
0.12 3.8 F
G69.0+2.7 CTB 80 19 53 20 +32 55 10
′
× 10
′
0.07 1.5 F Y MAGIC (0.6) 25
G69.7+1.0 20 02 40 +32 43 16
′
× 19
′
0.14 7.1 S
G74.9+1.2 CTB 87 20 16 02 +37 12 8
′
× 6
′
0.08 6.1 F Y? VERITAS (6.2) 17,21
G76.9+1.0 20 22 20 +38 43 10
′
× 10
′
0.10 10 C Y 17
G83.0−0.3 20 46 55 +42 52 10
′
× 10
′
0.15 11.9 S
G84.2−0.8 20 53 20 +43 27 22
′
× 16
′
0.11 6.0 S
G111.7−2.1 Cas A 23 23 26 +58 48 10
′
× 10
′
0.05 3.4 DP S Y MAGIC (5.2) 26,27,28,29
G116.9+0.2 CTB 1 23 59 10 +62 26 see § 3 0.09 3.1 S Y 30
G120.1+1.4 Tycho 00 25 18 +64 09 10
′
× 10
′
0.10 2.5 S VERITAS (5.8)
G130.7+3.1 3C 58 02 05 41 +64 49 10
′
× 10
′
0.08 2.0 F Y MAGIC (5.7) 31
G132.7+1.3 HB 3 02 17 40 +62 45 see § 3 0.11 2.0 DP S Y 32,33
G184.6−5.8 Crab 05 34 31 +22 01 10
′
× 10
′
0.10 2.0 F Y HESS (129) 34
G189.1+3.0 IC 443 06 17 00 +22 34 9
′
× 8
′
0.09 1.5 DP C Y? VERITAS (8.3) 35,36
Note. — Distances are those we adopt for this paper, as described in § 2.1. For BML Detection, D: Detected broadened CO feature in this
paper, P: Previous SNR-MC interactions as reported in Jiang et al. (2010). For Type, we report the SNR morphology from Green (2014) where
S: shell, C: composite, and F: filled except for G12.0−0.1 which is described as shell-like in Kassim (1992), G59.8+1.2 which is described as a
plerion/filled shell SNR in Sun et al. (2011), and CTB 80 which is described as an extended plerion/filled shell SNR in Angerhofer et al. (1981).
SNRs whose types have not yet been identified are indicated with a ?. For pulsar, Y: SNR has a confirmed (i.e., timed) pulsar, Y?: SNR has
a coincident, compact X-ray or radio source. We include TeV gamma-ray detections by experiment and significance of detection in parentheses
for HESS (Aharonian et al. 2006b, 2008b; Bochow 2011), MAGIC (Albert et al. 2007b; Aleksic´ et al. 2014), and VERITAS (Acciari et al. 2009,
2011; Aliu 2011). For references related to detections of pulsars/compact objects as well as previous evidence for SNR-MC interactions: (1)
(Torii et al. 1997); (2) (Gotthelf & Halpern 2009); (3) (Green et al. 1997); (4) (Reynoso & Mangum 2000); (5) (Hewitt et al. 2008); (7) (Gupta et al.
2005); (8) (Vasisht & Gotthelf 1997); (9) (Vasisht et al. 2000); (10) (Gotthelf et al. 2000); (11) (Su et al. 2009); (12) (Reynolds & Moffett 1993);
(13) (Frail et al. 1996); (14) (Reach & Rho 1999); (15) (Green & Dewdney 1992); (16) (Gotthelf et al. 2005); (17) (Biggs & Lyne 1996); (18)
(Hewitt et al. 2009); (19) (Su et al. 2011); (20) (Jiang et al. 2010); (21) (Gorham et al. 1996); (22) (Keohane et al. 2007); (23) (Camilo et al. 2002);
(24) (Lee et al. 2012); (25) (Kulkarni et al. 1988); (26) (Tananbaum 1999); (27) (Liszt & Lucas 1999); (28) (Hines et al. 2004); (29) (Kilpatrick et al.
2014); (30) (Hailey & Craig 1995); (31) (Murray et al. 2002); (32) (Lorimer et al. 1998); (33) (Routledge et al. 1991); (34) (Lovelace et al. 1968);
(35) (Olbert et al. 2001); (36) (Cornett et al. 1977)
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nants (CTB 80, CTB 1). In particular, we targeted two
regions of X-ray bright emission from CTB 1, centered at
23h59m05s, +62◦30′00′′ with dimensions (α×δ) 10′×30′
and at 0h03m05s, +62◦45′00′′ with dimensions 10′×20′.
Similarly, for HB 3 we targeted two regions centered at
2h16m15s, +63◦40′00′′ with dimensions 10′× 30′ and at
2h19m15s, +63◦50′00′′ with dimensions 10′×10′. These
regions were centered on local X-ray enhancements as re-
ported by Lazendic & Slane (2006). For the other large
targets, we used single fields as reported in Table 1. We
analyzed these four remnants and we indicate whether
BML regions were detected in each case. However, given
the fact that we did not map the entirety of each remnant
and some were selected on the basis of previous evidence
for SNR-MC interactions, we discount all four in our dis-
cussion of SNR-MC interactions (except in § 6.5) as a
possible source of bias.
4. ALGORITHM FOR SELECTING BML REGIONS
FROM OBSERVATIONS
4.1. Data
In our analysis, we used the 1 MHz resolution data,
which has 512 channels for a velocity range of 667 km s−1
at 230 GHz. For a receiver tuned to the 12CO J = 2 −
1 and centered at a systemic velocity of 0, we can be
reasonably certain that all Galactic molecular emission
along the line-of-sight is observed.
The expected velocity range of the CO spectrum at
each distance is determined by assuming a 50% uncer-
tainty on the distances we assume to each SNR, which
agrees with typical fractional errors for distances calcu-
lated using the Σ − D relation (Pavlovic et al. 2014).
Comparison with the Clemens rotation curve (Clemens
1985) allows us to limit the velocity range over which
MCs might exist that are interacting with a SNR. We
extend this range by 15 km s−1 at either end of the
range in order to account for systematic errors in finding
BML regions associated with SNRs (see, e.g., § 4.5.1).
Figure 2 demonstrates this method for the known BML
region toward 3C 391. The distance to this SNR is
taken to be 7.2± 3.6 kpc, which at Galactic coordinates
l = 31.9, b = 0.0 corresponds to a systemic velocity range
of +59 to +102 km s−1 or +44 to +117 km s−1 with the
added velocity range.
4.2. Summary of BML Region Algorithm
Within the range of permitted velocities for each SNR,
we imposed criteria on the line width and profile of ob-
served molecular emission which we describe and justify
in § 4.3. In summary, these criteria are:
• We required CO emission to be detected at 3 Trms
(the root mean square of emission in the line-free
spectrum at each pixel as in Table 1) in every spec-
tral channel we used to calculate the line profile.
• We used only five spectral channels for the width
determination.
• We required that the line profile not include sec-
ondary maxima.
• We required the FWHM of observed 12CO lines
> 6 km s−1.
The purpose of these criteria was to identify regions
of molecular emission that correspond with disturbed
molecular gas where a SNR-MC interaction has occurred.
At the same time, we attempted to minimize false pos-
itives, e.g. due to molecular emission overlapping in
velocity-space, and false negatives, e.g. where interac-
tions are subtle and exhibit small velocity-widths, the
CO line is weak, or strongly asymmetric line profiles are
present.
4.3. Criteria for Possible Interactions
For clouds with sizes on the order of a few parsecs,
quiescent 12CO line widths are typically ∼ 2− 3 km s−1
(Heyer & Brunt 2004). Therefore, we adopted a thresh-
old of a 6 km s−1 FWHM to indicate BML regions. We
evaluate and discuss the validity of this threshold in
§ 4.5.2.
Furthermore, BML regions can have asymmetric line
profiles where the molecular gas has been shocked and
accelerated. In addition to large line widths (i.e., >
10 km s−1) at negative or positive velocities relative to
the peak, the line profile is characterized by faint wings
where turbulent acceleration of molecular gas is appar-
ent. This line profile can be confused with multiple MCs
along the same line-of-sight (e.g., toward the Galactic
Center) resulting in superimposed emission in the spec-
trum of a small region or even a single pixel. Thus, iden-
tifying BML regions ideally relies on as small a region as
possible with as few spectral channels as possible.
To account for line widths, asymmetry, and molecular
emission from multiple sources along a line-of-sight, we
developed an algorithm for identifying BML regions in
12CO J = 2 − 1. Initially, we constructed a list of indi-
vidual spectral channels by examining the spectrum at
each pixel. Where the 12CO emission in individual spec-
tral channels exceeded 10 Trms and represented a local
maximum, we flagged that channel for analysis. These
flagged spectral features span the entire data cube and
represent the line peaks of individual emission features
in our data.
At 230 GHz and for a spectrum with 1 MHz resolution,
the 6 km s−1 velocity-width threshold we adopted corre-
sponds to a feature whose FWHM is 4.6 MHz or roughly
five spectral channels. Thus, to measure the line width
of a broad feature, we required at least five channels or
four channels in addition to the flagged local maximum
of a spectral feature.
Confusion where a single spectral channel contains
emission from multiple MCs can be problematic. In
part, we minimized confusion by limiting the number of
channels we used to measure line widths to the abso-
lute minimum. However, this method does not preclude
the scenario in which two molecular features with narrow
widths (i.e., > 3 km s−1) are separated by less than their
half widths in velocity-space. Therefore, in addition to
the requirements described above, our algorithm stipu-
lates that the emission on either side of the line peak
must decrease monotonically in each channel and that
the emission in each channel exceeds 3 Trms.
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Fig. 1.—
12
CO J = 2− 1 emission toward all 50 SNRs in our sample averaged over each OTF map from −150 to +150 km s
−1
. The spectra are
scaled such that the maximum antenna temperature in each spectrum has T
∗
a
= 1. In the upper left of each panel, we give the name of the remnant
and the scale factor where T
∗
a
(K) = T
∗
a
(scaled)× scale factor.
Finally, using the five spectral channels around each
flagged line peak, we measured the line widths using
a method that accounts for possible asymmetries in
the line profile. We took the spectrum at a particu-
lar pixel (x0, y0) and channel v0 corresponding to one
of the flagged local maxima in our data cube. Here,
we use the antenna temperature at a particular pixel,
T∗a(v) = T
∗
a(x0, y0, v). Next, we measured the velocity
centroid vc of the line peak around v0 by calculating the
first moment of the spectrum
vc =
2∑
i=−2
viT
∗
a(vi)
2∑
i=−2
T∗a(vi)
(2)
We then evaluated the second moment of the spectrum
in this range,
σ =
√√√√√√√√
2∑
i=−2
T∗a(vi)(vi − vc)
2
2∑
i=−2
T∗a(vi)
(3)
This statistic is the velocity dispersion of the spectrum
around the line peak. For a Gaussian line profile, the
FWHM = 2.355σ. For comparison to other line indica-
tors, we used the velocity-width statistic ∆v = 2.355σ. If
this value exceeds 6 km s−1, the peak of the correspond-
ing line profile is flagged in our data cube as a BML.
For SNRs with newly identified BML regions, we give
the total number of pixels with BML identifications in
parentheses in Table 2.
4.4. BML Region Identification
As described in § 4.3, local maxima in the spectrum
at each pixel are flagged if the line profile calculated at
that point matches the outlined criteria. In this way, we
can construct a separate “flagged” data cube with dimen-
sions equal to the original data cube, that is, the antenna
temperature T∗a(x, y, v). This “flagged” data cube has
F (x, y, v) = 1 if the spectrum at position (x, y) and in the
velocity channel v meets our criteria, and F (x, y, v) = 0
otherwise.
We can further break down the “flagged” data cube
into regions by using a group-finding algorithm simul-
taneously in spatial coordinates and velocity-space. For
the purposes of this analysis, the definition of BML re-
gions will ultimately depend on the physical significance
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Fig. 2.— (Left) Integrated
12
CO J = 2 − 1 emission toward 3C 391 from +102 to +108 km s
−1
. Orange contours are 20 cm radio continuum
emission of the remnant from Reynolds & Moffett (1993). Pixels with broadened molecular emission are shown as white squares. We denote a
comparison region of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the
velocity of the BML identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels
denoted by the red square (dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
TABLE 2
Newly Detected BML Regions Toward SNRs
Cat. No. # pix. (total) v¯
c
∆v d
v
c
(dTab. 1)
(km s
−1
) (km s
−1
) (kpc)
G08.3−0.0 7 (10) +2.6 7.3 16.4 (16.3)
G09.9−0.8 8 (10) +31 7.1 4.0 (6.4)
G11.2−0.3 15 (21) +32 8.1 7.2 (4.4)
G12.2+0.3 2 (3) +50 6.9 11.8 (15.6)
G18.6−0.2 12 (15) +42 8.5 12.7 (13.2)
G23.6+0.3 7 (11) +91 6.7 5.6 (6.9)
G27.4+0.0 12 (20) +100 9.0 9.0 (12.8)
G29.6+0.1 5 (5) +94 10.0 9.0 (10)
G32.4+0.1 3 (4) +43 7.5 11.8 (18.5)
Note. — The number of pixels corresponds to the total number of
pixels associated with BML regions (§ 4.4, § 5.3). In parentheses, we
report the total number of BML detections (§ 4.3), including those ruled
out as potential BML regions as described in § 4.4. The velocity estimate
v¯
c
is a signal-weighted averaged of the velocity centroid from all BML
detections toward each SNR (§ 4.4). The velocity-width ∆v is an average
of each BML detected toward the SNR. The distances d
v
c
and dTable 1
are the distance to each SNR as determined from the rotation curve at
v¯
c
and the distance reported in Table 1, respectively. When calculating
the former value, we prefer distances that are closer to the latter in order
to resolve the distance ambiguity.
of these groups.
As described in § 3, our 12CO J = 2 − 1 observa-
tions were performed with a 10m diameter telescope at
230 GHz with a FWHM beam of 33′′. Each data cube
was constructed by taking observations spaced 10′′ apart.
In our analysis, detection of pixels with broad lines whose
centroids lie within each others’ FWHM and within a
radius of 2 pixels represents a single BML region. For
BML regions that appear extended on the sky, we can de-
fine groups that span several pixels, provided the broad-
line detection is approximately at the same velocity (i.e.,
within a window spanning ∆v measured for each BML).
A velocity centroid is measured for each BML detec-
tion representing a local maximum in the 12CO spec-
trum. However, each of these points is biased by the way
in which we construct the original data cube T ∗a , and
the determination of a group of BML detections must be
physically significant. In the same way, the velocity cen-
troid of each local maximum must be tied in some way
to the actual velocity centroid for the entire BML re-
gion with which it is associated. Therefore, we utilized a
signal-weighted average to measure this value, for which
the BML region velocity centroid (v¯c) is defined by the
number of local maxima it includes (N), the Gaussian
amplitude of each local maximum (T ∗a,i), and the veloc-
ity centroid calculated (vc,i as described in § 4.3)
v¯c =
N∑
i=1
T ∗a,ivc,i
N∑
i=1
T ∗a,i
(4)
For newly discovered BML regions toward SNRs, we
report in Table 2 the number of BML pixels we detect
toward each remnant, the signal-weighted velocity cen-
troid as described above, and the average velocity-width
of all BML detections toward the SNR. Finally, we recal-
culated the distance to each remnant using the signal-
weighted velocity centroid as a prior for the Clemens
rotation curve and we report this distance in Table 2.
In order to resolve the distance ambiguity, we chose the
distance closest to our original estimate from Table 1.
The agreement between the distances reported in
Table 1 is variable, although nearly always within the
50% uncertainty on the original estimate given the prior
we used to find associated CO emission (§ 4.1). In some
cases, these values are very close to the original dis-
tances, especially for G08.3−0.0, G18.6−0.2, 4C−04.71,
and G29.6+0.1, where the distances were estimated from
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the Σ −D relation for the first three objects and X-ray
H i column density for the latter.
4.5. BML Region Examples: 3C 391 and Cas A
We applied our algorithm to two test cases involving
known SNR-MC systems: 3C 391 (§ 4.5.1) and Cas A
(§ 4.5.2). In this way, we demonstrate the types of BML
regions selected by our algorithm and the accuracy of the
measurements. These two systems present unique prob-
lems that must be addressed in identifying BML regions
in a large sample of 12CO J = 2−1 data. Here, we discuss
previously detected signatures of BML regions toward
each remnant and the underlying SNR-MC interactions
they may trace. From these examples, we examine the
extent to which our algorithm can be optimized.
4.5.1. 3C 391
Several observations of 12CO targeted on 3C 391
have revealed the presence of broadened molecular fea-
tures from +90 to +110 km s−1 (Sanders et al. 1986;
Wilner et al. 1998; Reach & Rho 1999). The emission
exhibits significant broadening relative to the ambient
gas, with 12CO J = 2−1 line widths exceeding 20 km s−1
in some regions (Figure 2). This emission has consis-
tently been interpreted as a signal of postshock gas.
The molecular line profiles also exhibit a bright, narrow
component (∆v ∼ 2 km s−1) at the same velocities and
peaking in the same region. This observation suggests
an association between molecules of significantly differ-
ent temperatures and densities and presents a challenge
when identifying regions of shocked molecular gas. One
hypothesis for the presence of the narrow component is
that it arises from cooler, less turbulent gas reforming
behind a dissociative shock (Reach & Rho 1999). That
is, while the narrow component may be associated with
the SNR shock, in some regions it could be superimposed
upon and dominate the line profile from the broadened
emission. Under this hypothesis, we might only detect
BML regions where the SNR-MC interaction is ongoing
or recent. Thus, detection of recently shocked gas in
12CO may be extremely sensitive to the criteria for iden-
tifying individual line components (i.e., local maxima) in
the spectrum. In our analysis, we selected all the local
maxima in velocity-space whose signal exceeds 10 Trms.
In this way, our criteria are unbiased by the coincidence
of narrow and bright line components with broad and
faint components as in 3C 391.
One caveat is that false detections can occur where
the local maxima are close together in velocity-space;
for example, we might report no detection if the nar-
row component was within 2 spectral channels of the
broad component. In this case, additional information
on the line profile would be necessary to calculate an ac-
curate line width. While this scenario does not occur
in 3C 391, one could imagine dissociated molecular gas
reforming behind a shock whose narrow emission peaks
at roughly the same systemic velocity as the undissoci-
ated, turbulently broadened component. As a follow-up
to our initial analysis, we modified our requirement for
the five channels to include scenarios where the line pro-
file does not decrease monotonically for two channels on
either side of the local maxima. While we still required
five velocity channels, we extended the channel window
on either side of the line profile to avoid contamination
from other emitting regions in velocity-space.
As we demonstrate in Figure 2 (left), the well-studied,
shocked MC toward 3C 391 is located to the south of
the remnant along a region of bright radio continuum.
The 12CO spectrum in this region is significantly broad-
ened in a feature centered around a systemic velocity of
+112 km s−1 as seen in Figure 2 (right). Our data is of
sufficient spatial and spectral resolution to resolve and
confirm the narrow and broad spectral features toward
this cloud.
Another important point that arises when examining
similar BML regions is that the +112 km s−1 line ap-
pears to lie outside the velocity range inferred for an
object at l = +31.9 and d = 7.2 ± 3.6 km s−1, and the
broad profile itself is at least 15 km s−1 from the max-
imum velocity allowed within this range. The remnant
appears to be near the tangent point of the Galactic ro-
tation curve at this velocity (+102 km s−1), but the MC
is slightly redshifted with respect to this velocity. Given
that the shock interaction with the MC has been con-
firmed in multiple wavelengths and is generally assumed
to be associated with the remnant, one hypothesis for
the velocity discrepancy is that remnants may accelerate
MCs in an ongoing interaction. This point underscores
the need for care in treating SNR-MC interactions whose
distances are near the tangent point of the rotation curve
along a particular line-of-sight. As we describe in § 4.1,
we extend the velocity window used as a prior in our CO
spectra by 15 km s−1 at either end to account for this
potential problem toward other SNRs.
4.5.2. Cas A
Cas A exhibits subtle indications of a SNR-MC inter-
action in several ways. Warm CO gas (T ∼ 20 K) di-
rectly to the west of the SNR implies some source of
energy to heat the cloud (Wilson et al. 1993). There is
also a correlation between the brightest portions of the
radio shell at 1 GHz, nonthermal X-ray emission, and
the radio spectral indices in the same region suggest-
ing that the ejecta are encountering a denser medium
(Anderson & Rudnick 1996; Keohane et al. 1996). In the
near-infrared Ks band, strong nonthermal emission oc-
curs in the same regions (Rho et al. 2003). These obser-
vations are consistent with an interaction scenario, al-
though they do not conclusively point to the presence of
a SNR-MC interaction.
Recent results indicate that hard X-ray emission above
15 keV toward Cas A is dominated by the western
half of the remnant (Grefenstette et al. 2015). Knots
of bright emission in nonthermal emission are consistent
with steep spectral indices in the X-ray and some change
in the physical environment. These knots are coincident
with bright radio emission and the large MC to the west
of Cas A. Further evidence of an ongoing interaction sce-
nario may come from changes in this and other nonther-
mal emission on short timescales.
In the MC itself, H2CO absorption studies suggest that
certain species are broadened to as much as 5.5 km s−1
(Reynoso & Goss 2002). Similarly, slight broadening
in 12CO J = 1 − 0 up to 4.5 km s−1 is observed
(Liszt & Lucas 1999), while line widths in 12CO J = 2−1
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range from 6.2 − 6.7 km s−1 (Kilpatrick et al. 2014).
Thus, evidence for a SNR-MC interaction toward Cas A
is strongly correlated in the X-ray, radio, near-infrared,
and sub-millimeter, but the overall result in 12CO J =
2 − 1 is subtle. In order to detect BML regions toward
similar SNR-MC interactions, we must rely on a precise
constraint in the velocity-width.
Optimizing this constraint might be achieved by com-
parison with narrow molecular emission in the same field.
Line widths of narrow components in the Cas A field
range from 2.5−3.4 km s−1, or about half of the “broad-
ened” line widths. Therefore, one criterion for “broad-
ened” emission might be: can we divide these emission
lines into distinct “narrow” and “broad” categories? For
example, how sensitive is the identification of BML re-
gions to the velocity-width constraint we applied in § 4.3?
We illustrate this point in Figure 3 (right) where we com-
pare broadened features to unbroadened emission as de-
termined by our analysis. The regions with the broadest
12CO line widths are qualitatively different from regions
with narrow molecular lines.
Furthermore, we report the total number of pixels se-
lected by the BML algorithm for newly identified BML
regions in Table 2, which includes pixels that were ruled
out as potential BML regions by the criteria described
in § 4.4. For newly identified BML regions, the algo-
rithm selects these pixels with little contamination from
other positions. That is, the total number of BML pixels
identified using the criteria described in § 4.3 is gener-
ally 75 − 85% the number of BML pixels we determine
are associated with the SNR as described in § 4.4. We
interpret this result to mean that a 6 km s−1 velocity-
width threshold may be close to optimal for identifying
BML regions toward SNRs and therefore minimizes false
positives from spurious detections of, for example, over-
lapping molecular lines.
4.6. Comparison to Other BML Region Indicators
Jiang et al. (2010) compare molecular line studies to
other traditional detection methods for SNR-MC inter-
actions. These include detection of the OH 1720 MHz
maser, morphological correspondence between a SNR
and a MC, molecular line emission with a large high-to-
low line ratio such as 12CO J = 2−1/J = 1−0, detection
of near-infrared emission from shock excitation such as
[Fe II] or H2 emission, and infrared colors consistent with
molecular shocks.
It is valuable to utilize as many of these indicators as
possible, and in our analysis we rely on morphological
correspondence between the SNR in radio emission and
the MC as well as reports of OH 1720 MHz maser emis-
sion. However, the detection of broadened 12CO line
emission is a unique tool for tracing SNR-MC interac-
tions in our galaxy. Spectroscopic information is vital
for identifying the systemic velocity of molecular gas and
therefore associating the kinematic distance to molecu-
lar emission with distances to SNRs. This information
reduces the probability of confusion by any chance align-
ment of a shock tracer with a SNR. Carbon monoxide is
also the second most abundant molecule and possesses
one of the highest bond-dissociation energies of any di-
atomic molecule. Therefore, we would expect CO to be
more easily visible and less susceptible to dissociation
behind a SNR shock than OH, H2 or any other molec-
ular shock tracer. Finally, broad, low-J CO emission is
a direct tracer of disturbed gas in a MC, as opposed to
line emission from atomic species or near-infrared colors
which do not directly or unambiguously trace the molec-
ular gas. Probing the MC for molecular shocks and then
drawing an association with the SNR is well-suited for
finding SNR-MC interactions, even in a large survey.
5. RESULTS
We applied the BML region algorithm to the 12CO
J = 2 − 1 spectra (Figure 1) toward all 50 SNRs in our
sample to determine the location of broadened CO fea-
tures. The algorithm revealed broad-line detections to-
ward nineteen SNRs, including nine previously uniden-
tified SNR-MC systems. For the other ten systems with
coincident BML regions, we discuss our detections to-
ward known SNR-MC systems in the context of previ-
ous studies in § 5.1. One of the remaining 31 SNRs,
G54.1+0.3, had previous indications of a BML region.
We argue in § 5.2 that the associated MC may not be
velocity-broadened. Finally, in § 5.3, we discuss the re-
sults of our algorithm for newly identified SNR-MC sys-
tems and compare these detections to the observed prop-
erties of the SNRs themselves. For reference, we include
a discussion of previous observations for some remnants
in Appendix B, where we discuss details of the radio con-
tinuum, OH maser detections, and pulsar observations.
5.1. SNRs with Previous Detections Supporting
SNR-MC Interactions
BML regions were detected toward ten SNRs with
known SNR-MC systems. Here we compare the char-
acteristics of the detected BML regions to results from
previous studies.
G16.7+0.1 was observed to have a SNR-MC interac-
tion by Reynoso & Mangum (2000). The authors report
detection of a small MC in 12CO J = 1−0 at +25 km s−1
and coincident with OH maser detections to the south
of the remnant. The CO emission from this cloud is
seen from +25.1 to +25.9 km s−1. The cloud is small
(2.1×103 M⊙, nH2 = 260 cm
−3) and has a CO line width
of only 1.5 km s−1, consistent with the line width of an
ambient MC approximately 3 pc in size (Heyer & Brunt
2004).
Reynoso & Mangum (2000) report detection of two
other MCs toward G16.7+0.1, which they call the “cen-
tral” and “northwestern” clouds, at systemic velocities
between +25 and +27 km s−1. The central cloud is lo-
cated directly to the east of the brightest 5 GHz enhance-
ment in the remnant, implying a possible connection be-
tween nonthermal emission and the MC. The reported
morphological correspondence, small size of the central
cloud (1.8×103 M⊙), and moderately broadened CO pro-
file (∆v ∼ 4.4 km s−1) are all characteristic of a SNR-MC
interaction.
The northwestern cloud appears along the sharp
boundary of the SNR shock front. While this evi-
dence may indicate physical contact between the SNR
ejecta and molecular gas, there is little indication in
12CO J = 1 − 0 emission to suggest an interaction sce-
nario. The cloud extends to the northwest of the rem-
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Fig. 3.— (Left) Integrated
12
CO J = 2−1 emission toward Cas A from −43 to −35 km s
−1
. Orange contours are 20 cm radio continuum emission
of the remnant from Anderson et al. (1991). Pixels with broadened molecular emission are shown as white squares. We denote a comparison region
of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML
identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square
(dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
nant as part of a larger complex, its observed line width
(∆v ∼ 2.7 km s−1) is only slightly larger than the sur-
rounding gas, and no other signs of SNR-MC interaction
appear in this region.
This potential interaction region may be supported by
the presence of enhanced TeV gamma-ray emission, al-
though the detection is just below the 5σ limit tradition-
ally used to identify TeV sources (Table 1).
In 12CO J = 2 − 1, we detect the same molecular
emission as seen in 12CO J = 1 − 0 emission toward
G16.7+0.1 at a systemic velocity of +25 km s−1. To-
ward the emission that Reynoso & Mangum (2000) iden-
tify as the “southern cloud,” some pixels appear velocity-
broadened in 12CO J = 2 − 1 to a width of around
∆v = 9.6 km s−1. This value contrasts with the smaller
velocity-width in J = 1− 0 of 1.5 km s−1 and suggests a
recent or fast shock may be responsible for the large ob-
served line widths. While this width is broad compared
to emission observed in 12CO J = 1− 0, it is also consis-
tent with other shock indicators. The southern cloud is
the site of OH maser emission as well as a significant en-
hancement in the radio continuum. We do not detect any
broadened emission at the positions of the other clouds
in this region.
Kes 75 was first observed to have a BML region in
12CO J = 1 − 0 (Su et al. 2009). A large MC is coin-
cident with the northern half of the remnant and at a
systemic velocity between +45 and +58 km s−1. The
evidence for interaction is in the broadened blue wing
of this feature (+45 to +51 km s−1). This asymmet-
ric and broadened feature is spectroscopically similar to
the SNR-MC interactions seen toward IC 443 and 3C
391. Kes 75 is also the site of a strong TeV gamma-ray
source (Djannati-Ata¨ı et al. 2008), although this emis-
sion is thought to be associated with a pulsar wind neb-
ula in the remnant itself.
We confirm the BML detection in 12CO J = 2 − 1
around +53 km s−1. Broadened molecular emission ap-
pears extended along the north and west of the remnant
and is coincident with the brightest regions of 20 cm
continuum emission. This observation is also consistent
with detection of broadened emission in 12CO J = 1− 0
where line widths were observed to be on the order of
3.7 km s−1. In our analysis, we find broader line widths
in 12CO J = 2− 1 up to 9.2 km s−1.
3C 391 is discussed in § 4.5.1.
Kes 79 was observed to have a SNR-MC interaction in
bright 12CO J = 1− 0 emission to the east and south of
the radio shell of the remnant. This morphological cor-
respondence between the SNR and MC strongly implies
an association between these objects (Stanimirovic´ et al.
2003). The CO line profile at these positions is cen-
tered around +103 km s−1 with an integrated intensity
of 75.9 K km s−1 and a peak brightness temperature of
∼ 8 K. Thus, the line has an approximate equivalent
width of ∼ 9 km s−1, consistent with a shock-broadened
cloud. However, the observation of 12CO J = 1 − 0
was performed with the NRAO 12 m telescope and a
beamwidth of 45′′. The integrated intensity measure-
ments reported in Stanimirovic´ et al. (2003) are ambigu-
ous and may include line emission from multiple, ambient
MCs and not a single, shocked cloud.
We confirm detection of velocity-broadened 12CO
emission in J = 2 − 1 from +99 to +109 km s−1 to-
ward Kes 79. Broad line detections extend across the
MC from southwest toward the northeast of the rem-
nant with velocity-widths up to 8.8 km s−1. Agreement
between our 12CO measurements and previous observa-
tions, as well as the OH measurements at similar veloci-
ties (Appendix B), argues for the presence of a SNR-MC
interaction toward this remnant.
3C 396 is observed to have a possible SNR-MC inter-
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action in 12CO J = 2− 1 and J = 1− 0 emission, where
a bright cloud appears between +67 and +72 km s−1
(Su et al. 2011). At these velocities, the coincident MC
extends around the remnant, with emission on the blue
end of the line profile concentrated to the north and east
and extending clockwise around the remnant toward red-
shifted emission along the western edge. This detection
represents strong morphological agreement between the
structure of the MC and the SNR. The spectral lines
themselves exhibit signs of broadening, with an asym-
metric profile and broad wings toward redder velocities
in the eastern emission and blueshifted broad wings in
the southwestern emission. In some regions, these line
profiles have widths > 10 km s−1. The presence of broad-
ened molecular emission along the western edge of 3C 396
as well as the OH maser at the same velocity argues for
the presence of a SNR-MC interaction.
We detect velocity-braodened 12CO J = 2−1 emission
centered around +69 km s−1 to the north of the remnant
and extending to the west where the broadened emission
is centered around +77 km s−1. The detected broad line
widths are generally between 6.6 and 7.6 km s−1. These
broad-line detections are not bright or significantly en-
hanced compared to surrounding material. While our
analysis supports the presence of a SNR-MC interaction,
detailed analysis of this region may reveal shocked mate-
rial that is not significantly distinct from the surrounding
gas.
Evidence for a SNR-MC interaction toward 3C 397
comes from 12CO J = 1−0 observations performed with
the 13.7 m telescope at the Purple Mountain Observa-
tory at Delingha (Jiang et al. 2010). These data reveal a
MC at +32 km s−1 and to the north and west of the rem-
nant. At these positions, the SNR shock appears to be
embedded in the MC and morphological correspondence
between the 12CO and SNR radio continuum emission
imply the objects are interacting. The CO emission in
these regions indicates that the MC emits a line profile
with broad blue wings (+28 to +31 km s−1), consistent
with acceleration from a SNR-MC interaction. The au-
thors report a FWHM line width of 2.5 km s−1 toward
the MC at this velocity.
We confirm detection of velocity-broadened emission
along the western edge of the remnant and centered at a
systemic velocity of +31 km s−1. The blue wing is not
as bright in 12CO J = 2 − 1 emission as in the lower-
excitation line, although the overall line profile appears
to be enhanced to ∆v = 6.2 km s−1.
Toward W49, evidence for a SNR-MC interaction can
be seen in 13CO J = 1− 0 emission (Simon et al. 2001).
Broad lines have been detected at a systemic velocities
from 0 to +20 km s−1 in multiple components and with a
narrower line profile centered at +16 km s−1. Averaged
over the entirety of W49B, the line profile has a width of
∼ 10 km s−1, although the spatially resolved emission is
likely narrower.
We detect broadened 12CO J = 2 − 1 emission to-
ward W49B in the same velocity range and centered at
a systemic velocity of +14 km s−1. Regions of broad-
ened emission are seen to the west of W49B, and the
majority of our detections come from a cloud located
along the southwestern boundary of the remnant. In
this region, we report BML detections with widths of
∆v = 10 km s−1.
While this finding agrees with previous detections of
broadened molecular emission, some interpretations ar-
gue against the presence of a SNR-MC interaction to the
southwest of W49B. Lacey et al. (2001) found that low-
frequency radio emission in this region is almost com-
pletely attenuated, and the intervening molecular mate-
rial responsible for absorption may only be seen toward
the remnant in projection. However, at higher frequen-
cies W49B becomes significantly brighter. Indeed, at
90, 20, and 6 cm, the southwestern portions of the shell
show significant local enhancement (Moffett & Reynolds
1994). Added to this fact is the observation that spec-
tral indices appear to flatten to the southwest of W49B.
It may be that this region is not enhanced in nonther-
mal emission. Overall, the evidence for the presence of
a SNR-MC interaction is ambiguous, though our obser-
vations support the presence of an interaction scenario.
Detailed characterization of the physical properties in
the gas itself is needed to further verify the presence of
a SNR-MC interaction.
Cas A is discussed in § 4.5.2.
Evidence for a potential SNR-MC interaction toward
HB 3 was reported by Routledge et al. (1991), in which
the authors perform H i line mapping and 12CO J = 1−0
observations. Toward this remnant, a bright 12CO “bar”
is coincident with a region of enhanced radio emission
near l = +134◦, b = +1◦ and extending east in Galac-
tic coordinates. This morphological correspondence sug-
gests the SNR is interacting with the cloud and a re-
gion of enhanced particle acceleration is seen in the SNR
ejecta. Evidence from Shi et al. (2008) supports this hy-
pothesis where radio continuum from 1.4 to 4.8 GHz is
brighter toward the 12CO cloud. The spectral indices at
these frequencies appear to steepen to α = −0.61. Emis-
sion from the MC itself extends to the south of the rem-
nant, roughly in the direction of the OH maser detection,
and the line profile peaks at a velocity of −43 km s−1.
However, the W3 H ii region is embedded in a MC
at −40.5 km s−1, and it is certain that the 12CO
“bar” at −43 km s−1 is associated with this cloud.
Bieging & Peters (2011) detect bright 12CO J = 2 − 1
and J = 3−2 emission centered on W3(OH) in this same
region. The correlation between the H ii region, high line-
ratio 12CO emission, and 1.1 mm dust continuum from
the Bolocam Galactic Plane Survey (Rosolowsky et al.
2010) argues that these BML regions are not associated
with HB 3.
We detect 12CO J = 2− 1 emission in this region and
centered at a systemic velocity of −40 km s−1. Our spec-
tral analysis confirms that this emission is broadened, up
to ∆v = 12.7 km s−1, although generally to a velocity
width of ∆v = 7.6 to 8 km s−1 in 12CO J = 2− 1.
IC 443 is a well-observed SNR with several indications
of a SNR-MC interaction. This interaction was first iden-
tified in broadened CO emission by Cornett et al. (1977)
and has been confirmed by detection of molecular species
toward the associated MCs (White et al. 1987; Xu et al.
2011), OH 1720 MHz emission (Claussen et al. 1997;
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Hewitt et al. 2006), and H2 emission (Denoyer 1979b,a;
Burton et al. 1988). The physical conditions toward IC
443 are well-suited for every shock interaction tracer tra-
ditionally used to identify SNR-MC interactions. As a
result, this region is one of the most luminous molec-
ular hydrogen sources in the galaxy. The interacting
MC generally exhibits linewidths of > 30 km s−1, up
to 90 km s−1 toward the most turbulent molecular gas
(White et al. 1987). This result has been confirmed in
several molecules, probing molecular gas of densities up
to 3× 106 cm−3 (van Dishoeck et al. 1993).
The SNR itself has a composite morphology and ap-
pears evolved, with an inferred age of ∼ 2 × 104 (Leahy
2004; Lee et al. 2008). The overall radio morphology of
the remnant was described by Braun & Strom (1986)
in 327 MHz continuum emission. Two main subshells
(shells A and B) make up the majority of the remnant in
radio continuum emission. Shell A appears brighter and
is coincident with the molecular shock indicators along
its southern boundary and across the center of the rem-
nant as a whole. The western edge of this shell appears
to be associated with both the OH maser emission and
TeV gamma-rays (Albert et al. 2007a).
Given its approximate age and the assumed distance
of ∼ 1.5 kpc, IC 443 has a large apparent size on the
order of 1◦. We targeted a section of the remnant toward
its center and along the southwestern edge of shell A.
The shocked 12CO emission peaks around −17 km s−1 in
this region and extends blueward in a broad, asymmetric
line profile. Our observations centered on a bright cloud
referred to as shock clump B in Denoyer (1979b). We
measured velocity-widths in 12CO J = 2− 1 toward this
region ranging from ∆v = 7.6 to 28 km s−1.
5.2. Non-Detection Toward G54.1+0.3
G54.1+0.3 was targeted with 12CO J = 2 − 1 obser-
vations in Lee et al. (2012). A large MC at +23 km s−1
extends along the north of the remnant, with a bright
central core to the northeast of the remnant. The mor-
phological correspondence between the outer blastwave
of the SNR and the MC is not strong, with at least
30′′ separation between the 20 cm contours of the rem-
nant and the MC. Lee et al. (2012) report a FWHM of
7 km s−1 at +23 km s−1 across the entire cloud.
Our observations indicate that the broad feature de-
tected around +19 km s−1 with ∆v ∼ 11 km s−1
(Lee et al. 2012, see Figure 13, therein) is at least two
clouds blended over the 30′′ grid spacing applied in
this study. While the broad and narrow components of
emission at these velocities can be separated from +15
to +30 km s−1, the broad component is further sepa-
rated into two features centered at +20 and +23 km s−1
(Figure 4). These components are resolved in our spec-
tra. However, these features may have been smoothed
into a single, broad-line component in Lee et al. (2012)
given the larger beam (48′′) from the 6-m Seoul Radio
Astronomy Observatory Telescope. In contrast to the
Gaussian component analysis over a large region, our
pixel-by-pixel analysis of the molecular emission reveals
no indication of > 6 km s−1 velocity-broadening.
5.3. Newly Identified SNR-MC Systems
We detected broadened molecular features toward
nine SNRs with no previous indication of SNR-MC
interactions: G08.3−0.0, G09.9−0.8, G11.2−0.3,
G12.2+0.3, G18.6−0.2, G23.6+0.3, 4C−04.71,
G29.6+0.1, G32.4+0.1. In this section, we discuss
the characteristics of the interaction as identified by
our BML region algorithm along with previous work on
the associated SNRs. Our results from the detection
of velocity-broadened regions toward each remnant
are summarized in Table 2. For comparison with each
remnant, we use 90 cm radio continuum contours from
Brogan et al. (2006) (hereafter, BGGKL06) where
l < +22◦ and NVSS 1.4 GHz contours (Condon et al.
1998) for the remaining objects.
5.3.1. G08.3−0.0
G08.3−0.0 was initially identified in 20 cm emission
by Helfand et al. (2006) and subsequently confirmed by
BGGKL06 at 90 cm as a small (5′ × 4′) SNR with shell-
like morphology. The remnant has flux density 1.0 Jy at
20 cm, but its morphology suggests an enhancement in
surface brightness toward the east. A subsequent search
for associated OH maser emission at 1612, 1665, 1667,
and 1720 MHz with the Green Bank Telescope (GBT)
yielded a single-dish detection with no velocity infor-
mation or localization (Hewitt & Yusef-Zadeh 2009). Of
particular note is a TeV gamma-ray detection reported
toward this remnant (Higashi et al. 2008). The gamma-
ray emission was observed with a 7′ offset from the center
of G08.3−0.0 and detected with ∼ 14′ resolution. Given
the position of the remnant relative to the gamma-ray
detection, there is reason to believe that the gamma-ray
source originates from the northern half of this SNR.
In projection, the radio contours of G08.3−0.0 appear
to flatten toward the northwest (Figure 5) coincident
with a MC between −0.7 and 4.6 km s−1. The spectrum
of the molecular emission in this region appears velocity-
broadened with 12CO Gaussian widths fit between 6.5
and 9.0 km s−1. The coincidence of this broadened 12CO
along with the morphology of the remnant, the possi-
ble OH maser toward this position, and the gamma-ray
source associated with this region support the presence
of a SNR-MC interaction at this location at a systematic
velocity near +2.6 km s−1. We note that the velocity
centroid of the BML region and the kinematic distance
inferred from this velocity, d = 16.4 kpc, is also in good
agreement with the value given by the Σ − D relation
(16.3 kpc).
5.3.2. G09.9−0.8
G09.9−0.8 has been observed to have typical radio
shell-like morphology (BGGKL06). Its spectral index
between 90 and 20 cm is Crab-like (α = −0.4) imply-
ing nonthermal emission from the SNR. There may also
be confusion with thermal emission from other sources,
which suggests that the SNR has a steeper spectral pro-
file in agreement with enhanced particle acceleration. Hα
emission toward the remnant is correlated with nonther-
mal emission at 1.4 GHz along the northern edge of the
remnant (Stupar & Parker 2011). This trend implies a
connection between regions of strong SNR-ISM interac-
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Fig. 4.— (Left) Integrated
12
CO J = 2− 1 emission toward G54.1+0.3 from +16 to +23 km s
−1
. Orange contours are NVSS 1.4 GHz continuum
emission of the remnant. Pixels with broadened molecular emission would be shown with white squares, but none passed our criteria. We denote
a region of the +23 km s
−1
cloud discussed in Lee et al. (2012) with a red square. (Right) The average spectrum across the pixels denoted by the
red square. There appear to be two line components centered at +20 and +23 km s
−1
. Neither component exhibits broadening at the > 6 km s
−1
level we used in our analysis.
Fig. 5.— (Left) Integrated
12
CO J = 2 − 1 emission toward G08.3−0.0 from −2 to +6 km s
−1
. Orange contours are 90 cm radio continuum
emission of the remnant from BGGKL06. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region
of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML
identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square
(dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
tion and nonthermal emission from the SNR along that
edge of the shell.
We observe an association between a bright region of 90
cm radio emission and a MC toward the southwest of this
remnant (Figure 6). The molecular emission appears at
a systemic velocity of +27 to +33 km s−1 and extends
in a small arc toward the center of the remnant. The
region of velocity-broadened emission is concentrated to-
ward a peak in the 90 cm contours, and the molecu-
lar emission to the east of this peak exhibits the most
velocity-broadening. The 12CO Gaussian widths of the
velocity-broadened emission in this region are fit between
6.6 and 9.1 km s−1.
5.3.3. G11.2−0.3
G11.2−0.3 was identified as a SNR by Shaver & Goss
(1970) at 408 and 5000 MHz. These observations re-
vealed a small remnant (4′) with a steep spectral index of
α = −0.52. Follow-up with ASCA indicated there is a 65
ms pulsar toward the center of the remnant (Torii et al.
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Fig. 6.— (Left) Integrated
12
CO J = 2 − 1 emission toward G09.9−0.8 from +26 to +34 km s
−1
. Orange contours are 90 cm radio continuum
emission of the remnant from BGGKL06. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region
of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML
identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square
(dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
1997). Subsequent radio detection of the remnant in BG-
GKL06 revealed a probable shell-like SNR with a flux
density at 20 cm of approximately 0.6 Jy. Emission from
the remnant at 90 cm appears locally enhanced around
the shell, and especially to the east and northwest. De-
tection of OH maser emission has been reported from
GBT observations (Green et al. 1997), however, the lack
of precise position and velocity information makes it dif-
ficult to associate the OH maser with the SNR. There
appears to be a strong TeV gamma-ray source extended
to the northwest of the remnant and HESS detects emis-
sion toward G11.2−0.3 at 5.5σ (Bochow 2011).
We detect velocity-broadened molecular emission to-
ward this remnant from +29 to +36 km s−1. At these
velocities, emission extends from the southeast to the
north of the remnant, roughly coincident with the bright
shell of G11.2−0.3 as seen in 90 cm contours (Figure 7).
Regions of velocity-broadened emission lie mostly toward
the northern molecular emission, with some detections
interior to the main radio shell. The Gaussian line width
of velocity-broadened emission in this region is between
6.6 and 9.1 km s−1.
5.3.4. G12.2+0.3
G12.2+0.3 was discovered in BGGKL06 as a small,
partial shell-like remnant. The radio spectral index from
90 to 20 cm is steep with α ∼ −0.7. The weak flux
density at 20 cm combined with the size suggest that the
remnant has d > 10 kpc, and the Σ − D relationship
implies a distance of 15.6 kpc. 1720 MHz OH maser
emission has been detected toward this remnant in single-
dish observations with no reported velocity information
or localization (Hewitt & Yusef-Zadeh 2009).
We detect velocity-broadened 12CO emission coin-
cident with this remnant at a systemic velocity of
+50 km s−1 (Figure 8). The broadened molecular emis-
sion lies toward the eastern shock front of the remannt
and to the north of the brightest region in 90 cm con-
tinuum emission. This emission is weakly detected in
two pixels of our map, and the velocity-width between
the two BML detections extends from 6.6 to 7.2 km s−1.
However, the morphology of the coincident MC and SNR
are suggestive of an interaction at this velocity. As seen
in projection, the shape of the SNR appears flattened to
the east and along the boundary of the SNR. This shape
contrasts with the northwest edge of the SNR where the
shell structure appears much fainter and more extended.
We infer that the eastern shock front is deccelerated rel-
ative to the rest of the remnant, which would require a
significant density enhancement in the ISM.
5.3.5. G18.6−0.2
G18.6−0.2 was first confirmed as a SNR by BGGKL06
in 90 cm continuum emission, although Helfand et al.
(2006) listed the source G18.6375-0.2917 as a “high-
probability supernova remnant candidate” before this
confirmation. Subsequent detection at 20 cm identified a
partial shell with a spectral index of α = −0.3. The rem-
nant is small (∼ 6′) and faint in 90 cm emission (1.9 Jy),
in agreement with a far distance as determined from the
Σ − D relation (13.2 kpc). As shown in Figure 9, the
region of brightest radio continuum emission toward this
remnant extends in an arc to the east with fainter lobes
of emission to the southwest and north.
We find evidence for a SNR-MC interaction to
the north of the remnant at a systemic velocity of
+44 km s−1. The MC in this region covers most of
the northern and western half of the SNR, although
the disturbed region appears localized to the north.
The velocity-widths of emission lines detected toward
this cloud are broad, with most lines exceeding ∆v =
8.0 km s−1.
5.3.6. G23.6+0.3
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Fig. 7.— (Left) Integrated
12
CO J = 2 − 1 emission toward G11.2−0.3 from +30 to +38 km s
−1
. Orange contours are 90 cm radio continuum
emission of the remnant from BGGKL06. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region
of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML
identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square
(dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
Fig. 8.— (Left) Integrated
12
CO J = 2 − 1 emission toward G12.2+0.3 from +48 to +55 km s
−1
. Orange contours are 90 cm radio continuum
emission of the remnant from BGGKL06. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region
of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML
identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square
(dashed red). Shaded parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
It has been suggested based on its high infrared to ra-
dio luminosity ratio that G23.6+0.3 is an H ii region and
not a SNR (Pinheiro Gonc¸alves et al. 2011). However,
this object has a Crab-like spectral index (α = −0.34),
which implies some nonthermal component to the emis-
sion from this source (Shaver & Goss 1970). While the
radio emission is elongated, it correlates well with the
spatial extent of the infrared emission and suggests that
the two are associated. This observation is consistent
with the possibility that G23.6+0.3 is an H ii region and
SNR projected onto each other.
We detect velocity-broadened lines toward the remnant
at a systemic velocity of +91 km s−1. The regions of
broadened molecular emission lie along the brightest part
of the remnant’s northern shell (Figure 10). Emission in
this region appears moderately broadened, and the emis-
sion lines have velocity-widths around ∆v ∼ 6.5 km s−1
up to 7.5 km s−1. As seen in projection, the morphol-
ogy of the SNR relative to the MC is highly suggestive.
There appears to be a boundary along the northern edge
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Fig. 9.— (Left) Integrated
12
CO J = 2 − 1 emission toward G18.6−0.2 from +40 to +48 km s
−1
. Orange contours are 90 cm radio continuum
emission of the remnant from BGGKL06. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region
of unbroadened, bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML
identification (solid black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square
(dashed red).
of G23.6+0.3 where an ongoing interaction has broad-
ened the coincident MC.
5.3.7. 4C−04.71
4C−04.71 is often referred to as Kes 73 and was iden-
tified as a potential SNR in part of a larger radio source
centered around Galactic coordinates l = +27.3, b = 0.0
by Milne (1969). The remnant is compact with a cen-
tral pulsar identified at X-ray wavelengths and an age
of ∼ 2000 yr (Vasisht & Gotthelf 1997). Green et al.
(1997) were able to localize OH maser emission toward
this source 12′ west of the SNR around +33 km s−1. Sub-
sequent observations revealed associated 13CO J = 1− 0
and H i emission toward this source and two nearby H ii
regions imply a connection with gas around +110 km s−1
(Tian & Leahy 2008b). HESS detected TeV gamma-
ray emission toward this remnant at 6σ significance
(Aharonian et al. 2008c). There appears to be a TeV
source extending to the south of the remnant, although
several other counterparts have been discussed for TeV
detections in this region.
We observe broadening from the same molecular emis-
sion toward 4C−04.71 as seen in Tian & Leahy (2008b),
although in 12CO J = 2− 1 the line profile of the broad-
ened emission is centered around +100 km s−1 with av-
erage line widths of ∆v = 9.0 km s−1 (Figure 11). How-
ever, the broadened regions lie at large separations from
4C−04.71 (∼ 3′). It is possible that these BML regions
toward 4C−04.71 are associated with other nearby radio
sources (Sanbonmatsu & Helfand 1992, see, e.g.,) often
assumed to be H ii regions. These sources would need
to extend to within 3′ in projection toward 4C−04.71 to
its west and southwest, which is not seen in the radio
continuum.
A second possibility, which has been raised in the con-
text of Cas A (Kilpatrick et al. 2014), is that faint, fast-
moving ejecta from 4C−04.71 could interact with the
molecular gas without being visible in radio emission. If
ejected at high-velocity during early phases of SN evo-
lution, this material could carry enough momentum to
turbulently accelerate the MC to the velocity width we
observe. This hypothesis is supported by the observation
that 4C−04.71 is still relatively young and the turbu-
lent clouds are nearby as seen in projection. Presumably
some fraction of the ejecta has not yet been significantly
deccelerated by the surrounding ISM and would not need
to travel far to shock the observed MCs.
5.3.8. G29.6+0.1
G29.6+0.1 was discovered in VLA observations at 6
and 3.7 cm by Gaensler et al. (1999). The radio source
is a faint, shell-like remnant, and several local enhance-
ments were detected in the continuum. The spectral in-
dex from 6 to 3.7 cm is roughly α ∼ −0.5 across the
remnant, although the brightest region of 6 cm contin-
uum toward the eastern shell is steeper, with α = −0.77.
The northwestern edge of the shell also appears relatively
bright, although there is no evidence of steeper nonther-
mal emission.
Subsequent observations toward G29.6+0.1 with
ASCA revealed a compact X-ray source thought to be
a pulsar (Vasisht et al. 2000). The X-ray source is rela-
tively faint, and no timing or age estimate have been per-
formed, although the coincidence of this source strongly
implies that G29.6+0.1 is a distant and possibly young
SNR from a core-collapse SN.
We detected broadened 12CO emission toward
G29.6+0.1 and roughly coincident with a region of bright
20 cm continuum emission, at a velocity of +94 km s−1
(Figure 12). This position is consistent with enhance-
ments in the 6 cm continuum and spectral index, as
well as a region of bright X-ray emission as mapped
by Vasisht et al. (2000). The majority of the molecular
emission at these velocities coincides with the remnant,
implying a strong morphological association between the
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Fig. 10.— (Left) Integrated
12
CO J = 2−1 emission toward G23.6+0.3 from −43 to −35 km s
−1
. Orange contours are NVSS 1.4 GHz continuum
emission of the remnant. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened,
bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid
black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red). Shaded
parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
Fig. 11.— (Left) Integrated
12
CO J = 2−1 emission toward 4C−04.71 from +94 to +102 km s
−1
. Orange contours are NVSS 1.4 GHz continuum
emission of the remnant. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened,
bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid
black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red). Shaded
parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
SNR and MCs. A weak red wing is also visible in the
12CO spectrum demonstrating the characteristic veloc-
ity profile of shocked-broadened molecular emission. The
two pixels where we find evidence for velocity-broadened
molecular emission are highly disturbed, with line widths
∆v ∼ 10.0 km s−1.
5.3.9. G32.4+0.1
G32.4+0.1 was discovered in the NRAO/VLA Sky Sur-
vey (NVSS) at 1.4 GHz (Condon et al. 1998). The rem-
nant has clear shell-like structure visible in both radio
and X-ray wavelengths (Yamaguchi et al. 2004). While
the morphology of the remnant and its X-ray spectrum
imply a strong synchrotron component, a radio spectral
index has not yet been measured. Of particular note
are two lobes seen in nonthermal radio and X-ray emis-
sion along the eastern edge of the remnant (Ueno et al.
2005). These features appear to be local enhancements
in nonthermal emission (Figure 13). Moreover, they are
adjacent to regions where the radio shell appears to break
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Fig. 12.— (Left) Integrated
12
CO J = 2−1 emission toward G29.6+0.1 from +34 to +42 km s
−1
. Orange contours are NVSS 1.4 GHz continuum
emission of the remnant. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened,
bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid
black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red). Shaded
parts of the spectrum correspond to velocities ruled out by the inferred distance to the SNR.
and little or no emission can be seen. This morphology
contrasts with the western edge where the radio shell ap-
pears more contiguous albeit no brighter than the eastern
lobes.
We detect broadened molecular emission toward a
cloud at a systemic velocity of +43 km s−1 and roughly
coincident with the eastern radio lobe of G32.4+0.1.
The associated MC extends along the southeastern and
eastern part of the shell, although we detect velocity-
broadening only along the northernmost portion of this
cloud where the radio continuum of G32.4+0.1 is bright-
est. The Gaussian velocity-width of molecular emission
in this region ranges from 7.1 to 8.3 km s−1.
The association with the nonthermal enhancement to-
ward G32.4+0.1 is highly suggestive, and the spatial cor-
relation between the MC and the shell of the remnant
imply an interaction scenario. However, the kinematic
distance inferred from this association is in tension with
the values inferred from the Σ−D relation (18.5 kpc) and
X-ray H i absorption (22 kpc) (Ueno et al. 2005). The
Σ−D estimate may be affected by the low flux density of
G32.4+0.1 (S1GHz ∼ 0.25 Jy from Green (2014)), which
renders surface brightness and size estimates uncertain.
Finally, it may be that the density of hydrogen toward
this source is significantly larger than the nH = 1.0 cm
−3
assumed for the latter estimate.
6. DISCUSSION
6.1. The SNR-MC Interaction Rate
Reynoso & Mangum (2001) argued that, because half
of all SNRs are expected to result from Type II SNe
and their progenitors are young, massive stars born in
large MC complexes, it is expected that roughly half of
SNRs should be in contact with MCs. New information
on the incidence of core-collapse SNe places additional
constraints on the expected rate of this type of SNR-MC
interaction. Here, we discuss the total number of SNR-
MC interactions in our galaxy as a fraction of all known
Galactic SNRs, which we call the “SNR-MC interaction
rate.” We examine this value in light of our findings
and the factors that may contribute to an enhanced or
reduced rate.
Recent transient surveys have greatly improved our un-
derstanding of the intrinsic fraction of both thermonu-
clear and core-collapse SN types in volume-limited sam-
ples. For example, the Lick Observatory Supernova
Search (LOSS) observed 175 SNe between 60 and 80 Mpc
and determined that 57% of SNe are Type II, another
19% are Type Ib/c and the remaining 24% are Type Ia
(Li et al. 2011), implying that roughly 3/4 of SNRs come
from core-collapse SNe. We might expect the SNR-MC
interaction rate to be close to this value.
However, discounting the four objects in our sample
mentioned in § 3, our fraction of candidate interactions
(17/46 or 37%) is much lower than the observed fraction
of core-collapse SNe. If we rule out possible Type Ia SNe
by looking only at SNRs with known pulsars or compact
X-ray sources, which we infer resulted from core-collapse
SNe, the total rate appears to change somewhat (7/15 or
47%). We show in § 6.2 below that virtually all SNR-MC
interactions identified by other means also show broad
CO and will be identified by our approach. However, in
§ 5.2 we illustrated the potential for false identifications.
Therefore, 7/46 and 7/15 should be interpreted as up-
per limits. The difference between these two rates also
supports the hypothesis that SNR-MC interactions tend
to be associated with core-collapse SNe, but both values
are low compared to the expected rate. There appears
to be an underlying physical mechanism that suppresses
the number of SNRs that interact with MCs compared
to the known fraction of core-collapse SNe or the number
of SNR-MC interactions detectable in CO lines.
In § 6.2, we discuss the possibility of ongoing or re-
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Fig. 13.— (Left) Integrated
12
CO J = 2−1 emission toward G32.4+0.1 from +39 to +47 km s
−1
. Orange contours are NVSS 1.4 GHz continuum
emission of the remnant. Pixels with broadened molecular emission are shown as white squares. We denote a comparison region of unbroadened,
bright molecular emission with a larger red square. (Right) The average spectrum from these pixels at the velocity of the BML identification (solid
black) along with a spectrum of the unbroadened, bright comparison region averaged over the pixels denoted by the red square (dashed red).
cent interactions between SNRs and MCs that do not
excite broadened 12CO J = 2− 1 emission. We examine
the possibility that some underlying physical mechanism
suppresses the SNR-MC interaction rate in § 6.3 and in
§ 6.4 we discuss the implications of a low SNR-MC inter-
action rate for sequential star formation and simulations
of SN feedback.
Finally in § 6.5, we analyze the correlation between
SNR-MC interactions and TeV gamma-ray emission from
SNRs.
6.2. To What Extent Are SNR-MC Interactions
Detectable in
12
CO J = 2− 1?
One of the most fundamental questions in our 12CO
J = 2− 1 analysis of BML regions toward SNRs is what
fraction of SNR-MC interactions are detectable in molec-
ular emission? Jiang et al. (2010) argue that OH maser
detections are a reliable (if incomplete) signpost of SNR-
MC interactions, so a test of the completeness of 12CO
J = 2 − 1 line broadening detections for SNR-MC in-
teractions might be “what fraction of SNRs with nearby
OH maser emission have also been detected in broad-line
molecular emission?” In Table 3, we list remnants with
OH maser detections and whether molecular line stud-
ies, where they exist, support the presence of broadened
molecular lines.
While all of the studies cited in Table 3 detect molecu-
lar features at roughly the same systemic velocity as the
coincident OH maser emission, the incidence of broad-
line detections is 13/15 or 87%. Another study is in-
conclusive: Lazendic et al. (2002) confirm the presence
of shocked molecular hydrogen emission and broad-line
absorption toward G359.1−0.5 but their results are am-
biguous for the CO lines, so we have not included this
object.
Molecular line broadening toward shocked MCs may
not be detected for several reasons. Molecular gas from
a single cloud can be optically thick and obscure the
shocked regions. The faint line wings characteristic
of broadened molecular lines may also be obscured by
bright, narrow emission from other clouds. These effects
are usually more severe in lower energy transitions where
line emission from quiescent clouds is intrinsically broad.
Indeed, both of the BML non-detections in Table 3 were
performed in 12CO J = 1− 0 and toward SNRs near the
Galactic Center (G5.4-1.2, G5.7-0.0) (Liszt 2009). Ob-
servations in higher energy transitions might show less
emission from quiescent clouds along the line-of-sight
while revealing broad-line emission. Every observation
we report that was performed in transitions at higher
energies than 12CO J = 1 − 0 has found signs of broad-
ened molecular emission.
We infer that broad molecular line emission is a highly
complete (e.g., > 87%) tracer of SNR-MC interactions,
and 12CO J = 2 − 1 may exhibit broadened molecu-
lar lines in almost all instances of a SNR-shocked MC.
Detection of broadened 12CO J = 2 − 1 lines may be a
necessary, but not sufficient, condition for the presence of
SNR-MC interactions. This hypothesis would imply the
limiting factor in assessing the “true” number of SNR-
MC interactions in 12CO J = 2− 1 is not false negatives
from optically thick or obscured emission, but false pos-
itives from multiple MCs in velocity-space that give the
appearance of a broad line or from BML regions toward
other sources such as H ii regions. We report evidence
of both effects, for example toward HB 3 where the co-
incident BML region appears to be associated with the
nearby H ii region W3(OH), G54.1+0.3 where the line
emission from multiple velocity components appears to
have been mistaken for broad-line emission in previous
work, and 4C−04.71 where BML regions are detected
at multiple velocities implying contribution from other
sources.
Given the high completeness we infer for detections of
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TABLE 3
SNRs with Detected OH Maser Emission
Cat. No. Transitions in Previous Studies LB? Ref.
G0.0+0.0 CS (1−0, 5−4, 7−6) Y 1,2
G1.05−0.1
G1.4−0.1
G5.4−1.2 CO (1−0) N 3
G5.7−0.0 CO (1−0) N 3
G6.4−0.1 CO (1−0, 3−2) Y 4
G8.7−0.1
G9.7−0.0
G16.7+0.1 CO (1−0, 2−1) Y 5,6
G21.8−0.6 CO (1−0),
13
CO (1−0), C
18
O (1−0), Y 7
HCO
+
(1−0)
G27.4+0.0 CO (2−1) Y 5
G31.9+0.0 CO (2−1), CS (2−1, 3−2, 5−4), Y 5,8
HCO
+
(1−0)
G32.8−0.1 CO (1−0, 2−1)
13
CO (1−0) Y 9
G34.7−0.4 CO (2−1) Y 10
G49.2−0.7 CO (1−0, 2−1),
13
CO (1−0), Y 11
HCO
+
(1−0)
G189.1+3.0 CO (1−0, 2−1) Y 5,12
G337.0−0.1
G337.8−0.1
G346.6−0.2
G348.5−0.0
G348.5+0.1 CO (1−0) Y 6
G349.7+0.2 CO (1−0) Y 13
G357.7−0.1 CO (1−0, 2−1, 4−3), Y 14
13
CO (1−0, 2−1), CS (2−1, 3−2),
HCO
+
(1−0), HCN (1−0),
H2CO (3(2,2)−2(2,1), 3(0,3)−2(0,2))
G357.7+0.3
G359.1−0.5 CO (1−0, 2−1),
13
CO (1−0, 2−1), ? 15
C
18
O (1−0, 2−1), CS (2−1, 3−2),
HCO
+
(1−0), HCN (1−0),
H2CO (3(2,2)−2(2,1), 3(0,3)−2(0,2)),
SiO (2−1, 5−4)
Note. — SNRs are selected from those with identified OH
maser emission features in Frail et al. (1996); Green et al. (1997);
Yusef-Zadeh et al. (1999); Hewitt et al. (2008); Hewitt & Yusef-Zadeh
(2009). For remnants where studies have also been performed in
molecular line emission, we give the transitions observed. We also
indicate whether the study concluded that the observed emission
exhibits line-broadening (LB) relative to the surrounding gas (Y)
or there was no evidence of line broadening (N). For references
that performed molecular line studies: (1) (Serabyn et al. 1992);
(2) (Tsuboi & Miyazaki 2012); (3) (Liszt 2009); (4) (Arikawa et al.
1999); (5) this study; (6) (Reynoso & Mangum 2000); (7) (Zhou et al.
2009); (8) (Reach & Rho 1999); (9) (Zhou & Chen 2011); (10)
(Seta et al. 1998); (11) (Koo & Moon 1997); (12) (Cornett et al. 1977);
(13) (Reynoso & Mangum 2001); (14) (Lazendic et al. 2004)
a
; (15)
(Lazendic et al. 2002)
b
a
Only the observations mentioned in
12
CO J = 4−3 toward G357.7-0.1
have broad-line detections, although these data have not been published.
b
Broad-line absorption is seen in CO, CS, and HCO
+
while broad-line
emission appears in
13
CO. See § 6.2.
SNR-MC interactions observed in 12CO J = 2 − 1, the
ratio of BML regions we detected to observed SNRs (i.e.,
37%) may only be an upper limit to the “true” SNR-MC
interaction rate in the galaxy. A lower SNR-MC interac-
tion rate only exacerbates the discrepancy with the frac-
tion of core-collapse SNe. We infer that some additional
mechanism is required in order to suppress the number
of SNR-MC interactions occurring in the galaxy, and we
explore possibilities and their consequences below.
6.3. Suppressing the SNR-MC Interaction Rate
Suppression of the SNR-MC interaction rate relies on a
SN event that is too distant from a MC for interaction to
occur on a short timescale. For core-collapse events, we
propose that there are two main mechanisms by which
suppression can occur. One possibility is that massive
stars are kicked or migrate away from their parent MC
such that they are too distant to cause a SNR-MC in-
teraction. The second is a delay between the SN event
and SNR-MC interaction, which we can express as some
characteristic timescale or, equivalently, a characteristic
separation between massive stars and MCs. These mech-
anisms are not mutually exclusive, and indeed, the for-
mer might provide an explanation for the delay between
SN explosions and SNR-MC interactions. The evolution
of the SNR-MC interaction rate with age provides a way
of disentangling each possibility and its underlying cause.
For example, one explanation of the low SNR-MC in-
teraction rate may be a large, distinct population of run-
away massive stars. Tetzlaff et al. (2011) detected 2547
runaway star candidates in Hipparcos, including over 200
stars with peculiar velocities from 10 − 120 km s−1 to-
ward OB associations. For a star migrating directly away
from its parent cloud at 10 km s−1 over 106 yr, a subse-
quent core-collapse SN would explode roughly 10 pc from
its starting position. Thus, the time between explosion
and SNR-MC interaction would be delayed by approxi-
mately 6000 yr (i.e., the age at which a SNR has a radius
of 10 pc).
Age is a critical factor in the SNR-MC interaction rate.
We hypothesize that the SNR-MC interaction rate for
SNRs of varying ages may be solely a function of the “de-
lay” between the explosion and interaction. This suppo-
sition is supported by the observation that the incidence
of runaway stars is appreciable compared to the overall
population of young, nearby stars. Tetzlaff et al. (2011)
found that the runaway frequency of OB stars is 27%
for their sample. This population of stars may explode
as SNe and interact with MCs only as evolved SNRs or
never exhibit signatures of SNR-MC interactions.
Assuming massive stars are “kicked” or otherwise mi-
grate a large distance from their parent MC, an analysis
of the SNR-MC interaction rate with SNR age would pro-
vide a constraint on the delay caused by this migration.
A constant SNR-MC interaction rate with age would sug-
gest that there are two distinct populations of massive
stars; those that remain close to their parent MC and
those that migrate a large distance such that all known
Galactic SNRs are too young for the latter to have en-
countered a MC. The more likely scenario is that the
SNR-MC interaction rate increases with SNR age, which
suggests that massive stars migrate a short distance (i.e.,
< 30 pc) from their parent MC over their lifetimes. We
would expect the SNR-MC interaction rate to level off
at a certain SNR age. This analysis may provide a con-
straint on the distribution of massive star runaway veloc-
ities and the fraction of massive stars that are runaways.
We note several SNRs with age determinations from
free-expansion velocity or pulsar timing (Appendix B).
However, the number of such SNRs is too low to draw any
statistically meaningful conclusions. As more SNR-MC
interactions are identified, accurate age determinatons
may be obtained from kinematic distances and modeling
20 Kilpatrick, Bieging, & Rieke
of SNR size, morphology, and surface brightness. Vink
(2012) provides an analytic overview of age determina-
tions that accounts for SN parameters as well as momen-
tum and radiative loss. Once ages have been determined
for a sufficient number of SNRs, an estimate of the depen-
dence of the SNR-MC interaction rate with age should
be possible.
6.4. Astrophysical Implications of a Low SNR-MC
Interaction Rate
Another rich field of study is the direct impact SNRs
may have on star formation. Models of sequential or
triggered star formation rely on an understanding of
the feedback between massive stars and star forming
regions. While the relationship between OB associa-
tions and star-forming regions has long been recognized
(Elmegreen & Lada 1977; Herbst & Assousa 1977), the
contribution of shocks from SNRs is more ambiguous.
Some studies have proposed that these shocks will com-
press molecular regions and accelerate triggered star for-
mation (Tomisaka et al. 1981), although it is possible the
shock velocities involved are dissociative and will destroy
the molecular gas instead. There is also evidence that
SNRs play little or no role in regulating star formation
in individual star clusters due to the time delay before
SNe occur, but turbulent outflows powered by SNe may
suppress star formation in giant MCs or even galaxy-wide
star formation (Krumholz et al. 2014).
Recent numerical simulations of SN feedback have ex-
amined the impact SN feedback has on galactic environ-
ments in order to evaluate the importance of SNRs in star
formation (e.g., Hopkins et al. 2012; Agertz et al. 2013;
Aumer et al. 2013; Stinson et al. 2013; Hopkins et al.
2014). Many of these simulations fail to produce the
observed stellar masses due to excessive cooling or the
lack of momentum transfer from SNe to giant MCs. This
problem may be exacerbated by a large fraction of SNe
that explode far from any molecular gas. Over short
timescales, a large fraction of SNe may play no role in
galaxy-wide feedback.
In the absence of momentum transfer from SNRs, it
is possible that stellar feedback mechanisms other than
SNe are dominant. For example, H ii regions are known
to photoionize dense MCs and may suppress star forma-
tion where a sufficient level of background radiation is
present. This hypothesis is supported by observations
of giant H ii regions (such as 30 Doradus in the LMC)
indicating that radiation pressure from stars is the dom-
inant mechanism in adding energy and momentum to the
surrounding region (Lopez et al. 2011). The relative role
of each mechanism must be assessed in the context of
specific timescales and physical conditions. Our observa-
tions support arguments that SNRs may contribute less
to stellar feedback than previously thought.
6.5. Gamma-Ray Emission from SNR-MC
Interactions
Particle acceleration is one of the most important
galactic processes in which SNRs play a central role.
Cosmic rays are produced in SNRs where the SN ex-
plosion can deliver enough energy to rapidly acceler-
ate nuclear particles (Berezhko et al. 1996), and the en-
ergy density of cosmic rays produced in the shock region
increases with the density of the surrounding medium
(Jun & Jones 1999). Enhanced turbulence and magnetic
fields can excite significant hadronic particle acceleration
which produces pi0 mesons that decay immediately into
gamma-rays. Consistent with this hypothesis, there are
a number of instances where TeV gamma-rays are re-
ported from regions of interaction between SNRs and
MCs (e.g., Aharonian et al. 2006c; Albert et al. 2007b;
Acciari et al. 2009).
A challenge to such studies is the complex and dense
population of MCs and the high density of TeV gamma-
ray sources in the inner Milky Way where most known
TeV sources lie. There may also be a tendency to target
regions of possible interaction in searching for gamma-
ray sources, potentially introducing a bias. These issues
can be mitigated in our survey. We use the positions of
the specific SNRs targeted in the CO survey as priors
to identify possible TeV counterparts, which we accept if
their positions coincide with the SNRs within 10′. This
positional tolerance was adopted from a conservative es-
timate of the positional accuracy of 6′ for the TeV mea-
surements (e.g., Hinton & the HESS Collaboration 2004,
Felix Aharonian, private communication), plus an al-
lowance for the extent of the SNR. We can then compare
the number of detections for the SNRs where we detect
broad CO lines indicative of SNR-MC interactions with
the number where we do not find broad lines. We adopt
the conventional threshold of 5σ for a TeV detection.
Hahn (2014) has evaluated the HESS Milky Way sur-
vey (the source of nearly all the TeV detections we use)
and shown that all of the sources at this detection level
have been identified, that is, the sample is complete to
this level of significance. We correct the detection rates
for chance coincidences by identifying TeV sources with
the same positional tolerance relative to 120 positions
selected arbitrarily in the same region.
Where there were possible identifications, we report
the separation between the approximate location of the
SNR-MC interaction region or the center of the SNR for
remnants without SNR-MC interactions and the nearest
TeV gamma-ray source in Table 4. We have taken posi-
tions for the TeV sources from TeVCat (Wakely & Horan
2008). There are nine cases within our positional criteria,
four with indications of MC interactions and five with-
out. Our test on arbitrary positions indicates that there
are about two false identifications, one for the cases with
interactions and one for those without. That is, there
are three true cases coinciding with interactions and four
not coinciding. We have estimated the number of SNRs
with TeV measurements from Bochow (2011), as shown
in Table 1. The two sample sizes are virtually the same
(19 without interactions, 20 with), so the rates of detec-
tions are identical within statistical errors.
The similar number of associations between SNRs and
gamma-ray emission in these two samples does not sup-
port a strong correlation between SNR-MC interactions
and TeV gamma-ray emission. The observed gamma-
ray detections may also be contaminated by particle
acceleration in pulsars, which are known gamma-ray
sources. For example, the Crab pulsar has long been
associated with hadronic particle acceleration and TeV
gamma-ray emission (Hayakawa 1958; Fazio et al. 1968;
Ostriker & Gunn 1969). TeV gamma-ray surveys typ-
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TABLE 4
SNRs with Possible TeV Gamma-Ray Emission at 5σ Signifiance
Cat. No. α (J2000) δ (J2000) BML Detection γ-ray Separation
a
γ-ray Source Ref.
(h m s) (d m s) arcmin
G08.3−0.0 18 04 28 −21 47 00 D 5.1 HESS J1804-216 Aharonian et al. (2006c)
G11.2−0.3 18 11 25 −19 23 20 D 22 HESS J1809-193 Renaud et al. (2008)
G12.8−0.0 18 13 37 −17 49 00 1.4 HESS J1813-178 Aharonian et al. (2006c)
G17.0−0.0 18 21 57 −14 08 00 57 HESS J1825-137 Aharonian et al. (2006a)
G18.1−0.1 18 24 34 −13 11 00 42 HESS J1825-137 Aharonian et al. (2006a)
G21.5−0.9 18 30 50 −10 09 00 17 HESS J1831-098 Sheidaei (2011)
G27.4+0.0 18 41 18 −04 54 20 D 39 HESS J1841-055 Aharonian et al. (2008c)
G29.7−0.3 18 46 26 −02 57 30 D 1.5 HESS J1846-029 Djannati-Ata¨ı et al. (2008)
G74.9+1.2 20 16 02 +37 12 00 0.1 VER J2016+371 Aliu (2011)
G111.7−2.1 23 24 15 +58 48 20 D 7.9 TeV J2323+588 Becker et al. (1991)
G120.1+1.4 00 25 18 +64 09 00 2.1 TeV J0025+641 Acciari et al. (2011)
G130.7+3.1 02 05 41 +64 49 00 2.0 TeV J0209+648 Aleksic´ et al. (2014)
G184.6−5.8 05 34 31 +22 01 00 0.2 TeV J0534+220 Aharonian et al. (2006b)
G189.1+3.0 06 17 24 +22 26 20 D 8.4 TeV J0616+255 Acciari et al. (2009)
Note. — SNRs with nearby TeV gamma-ray detections at the 5σ significance level. We report the position of the detected BML
region from our study for SNRs with BML detections or the location of the SNR itself for those without BML detections from Green
(2014). The gamma-ray separation is determined from the difference between the reported position and the nearby TeV gamma-ray
source. The gamma-ray source identifiers are also given with the reference for the position of each source indicated.
a
Only cases with separation < 10
′
are accepted for our study.
ically distinguish between “compact” and “extended”’
gamma-ray sources, which may aid in resolving the am-
biguity between gamma-rays from pulsars and more ex-
tended regions along the SNR shell. However, this dis-
tinction may fail to separate pulsar point sources from
SNR-MC interactions where the conditions for particle
acceleration are met only in a small region. Moreover,
H i clouds are observed near SNRs with a high enough
density gradient to excite particle acceleration at shock
fronts (Fukui et al. 2012; Xing et al. 2015). In the ab-
sence of a pulsar, it may not be necessary to have a SNR-
MC interaction to create a gamma-ray source toward a
SNR, although the contact discontinuity between SNR
ejecta and the densest parts of the ISM would still be
expected to produce the brightest and hardest gamma-
ray sources.
We can account for these uncertainties to an extent.
Ten out of the fourteen SNRs we report with TeV
gamma-ray emission at 5σ significance have pulsars or
coincident, compact X-ray sources, including five of the
six objects with BML regions and five of the eight with-
out. Removing these sources leaves only G08.3−0.0 and
Tycho as the two objects with TeV gamma-ray sources
detected at close separations, and while we report a coin-
cident BML region toward the former, we do not detect
any strong 12CO emission toward the latter. G08.3−0.0
is a recently discovered object (§ 5.3.1) and it is possible
that an undiscovered pulsar exists in the SNR and pro-
vides the particle acceleration necessary to generate TeV
gamma-rays. Higashi et al. (2008) discuss several possi-
ble sources for the gamma-ray detection in this region,
including the pulsar PSR B1800-21, although this source
appears to be separated from the gamma-ray emission by
at least 10′. Barring these possibilities, G08.3−0.0 repre-
sents the best candidate in our sample for TeV gamma-
ray emission from a SNR-MC interaction.
In addition to G08.3−0.0, compelling evidence for TeV
gamma-ray emission can be seen toward a number of
SNR-MC interactions, notably W28 (Aharonian et al.
2008a) and IC 443 (Acciari et al. 2009). Although these
cases show that SNR-MC interactions can produce TeV
sources in some cases, the lack of a strong correlation in
our study shows that other processes must play an impor-
tant, perhaps dominant, role. Larger statistical samples
are needed to evaluate the association of TeV sources
with SNR-MC interactions more definitively.
Bochow (2011) lists all measurements of SNRs, detec-
tions and upper limits from HESS. Out of the nineteen
SNRs we observed with evidence for SNR-MC interac-
tion, twelve also have evidence for gamma-ray emission
at the 2σ significance level including six of the nine SNRs
with newly reported interactions. This fraction is ap-
preciably higher than the overall incidence of gamma-
ray emission toward SNRs, which is 24/50 in our sam-
ple. Previous systematic studies for gamma-ray emission
toward SNRs have found an even lower ratio of SNRs
with coincident TeV gamma-ray emission (1/3 in Bochow
2011). At this level, our findings seem to support the hy-
pothesis that TeV gamma-ray emission is correlated with
SNR-MC interactions. However, confirmation of gamma-
ray emission at this level is problematic. Detections at
2σ may be close to the confusion limit with background
sources along the Galactic plane. In addition, the diffuse
emission of the Galaxy can contribute to such detections
without being associated with a specific source. Com-
bined with the positional uncertainty in gamma-ray ex-
periments, the correlation between SNR-MC interactions
and TeV sources at 2σ is tantalizing but not necessarily
reliable.
We conclude that there is no convincing evidence with
the existing data that SNR-MC interactions are a dom-
inant source of TeV gamma-ray emission from SNRs.
Other sources of particle acceleration in SNRs, especially
pulsars and interaction with the H i gas in the cold neu-
tral medium, may contribute significantly to the number
of gamma-ray detections.
7. CONCLUSION
Our survey of 12CO J = 2− 1 molecular spectroscopy
toward 50 SNRs is the first large, systematic search for
this shock tracer toward SNRs. We demonstrate that
our technique for analyzing 12CO J = 2 − 1 data cubes
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satisfactorily reproduces broad-line detections in systems
with known BML features. In applying this technique to
our data set, we have found:
1. BML features were detected toward nine remnants
(G16.7+0.1, Kes 75, 3C 391, Kes 79, 3C 396, 3C
397, W49B, Cas A, HB 3, IC 443) with previous ev-
idence of SNR-MC interactions and nine remnants
(G08.3−0.0, G09.9−0.8, G11.2−0.3, G12.2+0.3,
G18.6−0.2, G23.6+0.3, 4C−04.71, G29.6+0.1,
G32.4+0.1) with no previous evidence of interac-
tion. The BML region detected toward HB 3 is
likely associated with the H ii region W3(OH). We
are uncertain whether the BML regions associated
with 3C 396 and W49B represent SNR-MC inter-
actions, and detailed follow-up toward these clouds
is required to draw any firm conclusions. For one of
the remaining remnants, G54.1+0.3, we find that
previous indications of a SNR-MC interaction may
have been due to the blending of multiple narrow
line components.
2. From our analysis of SNRs with signs of molecular
shocks from OH masers, we infer broadened 12CO
J = 2−1 features are a necessary but not sufficient
condition to determine the presence of SNR-MC
interactions. Confirmation must come from other
sources, such as 12CO line ratios, to demonstrate
that the gas in BML regions is physically distinct
from the surrounding material. The total number
of SNR-MC interactions we observed as a fraction
of observed SNRs may only be an upper limit to
the “true” SNR-MC interaction rate in the galaxy.
3. The fraction of detected BML regions toward SNRs
with known pulsars or compact X-ray sources
(7/15) is slightly larger than the overall num-
ber (17/46), supporting the hypothesis that SNR-
MC interactions are associated with core-collapse
SNe from massive stars. However, the number of
BML regions we detect toward SNRs is significantly
lower than the incidence of core-collapse SNe. We
infer that age may be a critical factor in the over-
all rate of SNR-MC interactions. A low SNR-MC
interaction rate may also have far-reaching conse-
quences for models of stellar feedback and sequen-
tial star formation.
4. We found no convincing evidence for a correlation
between TeV gamma-ray sources and SNR-MC in-
teractions. The number of TeV detections within
10′ of SNRs with BMLs is the same as the num-
ber for SNRs with no evidence for interactions. We
conclude that SNR-MC interactions are not a dom-
inant source of TeV gamma-rays in the galaxy. As
an alternative, pulsars or interaction with H i gas
in the cold neutral medium may contribute signif-
icantly to the detection rates for TeV gamma-rays
toward SNRs.
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APPENDIX
INDIVIDUAL SNR DISTANCE
DETERMINATIONS
Kepler (G4.5+6.8) is a young SNR whose proper mo-
tion is fast enough to be measured. From Chandra ACIS-
S measurements of Kepler’s expansion and a shock ve-
locity inferred from X-ray synchrotron emission, Vink
(2008) determined that Kepler is located at a distance of
4.0 kpc.
G11.2−0.3 was observed in neutral hydrogen by
Becker et al. (1985) who found that weak H i absorption
can be seen up to 55 km s−1 and roughly consistent with
a distance of 4.4 kpc.
G12.8−0.0 has an association with stellar cluster
Cl 1813178 whose distance is known to be 4.8 kpc
(Messineo et al. 2011).
G15.9+0.0 does not yet have a trustworthy distance
estimate, although multiple Σ-D relationships have been
calculated for this remnant. Caswell et al. (1982) calcu-
lated the distance to be 16.7 kpc (updated to 8.5 kpc for
the correct galactocentric distance as in Reynolds et al.
2006). Pavlovic et al. (2014) use the Σ-D relationship
and place the remnant slightly further at 10.4 kpc. We
use 8.5 kpc in our analysis for consistency with previous
studies.
G16.7+0.1 has an associated pulsar with high Galactic
H i column density along its line-of-sight (Helfand et al.
2003), roughly consistent with a distance of 10 kpc.
It has been argued that the complex of H ii re-
gions near G18.1−0.1 implies an association with the
SNR. Several studies have used H i absorption es-
timates and inferred a distance of ∼ 4.0 kpc to
G18.1−0.1 (e.g., Downes et al. 1980; Kolpak et al. 2003;
Anderson & Bania 2009; Paron et al. 2013). However,
new H i absorption estimates to the remnant itself im-
ply this assumption may be in error and the remnant is
located beyond the H ii regions at 5.6 kpc (Leahy et al.
2014), which we use in our analysis.
G21.5−0.9 has been identified from H i absorption be-
tween systemic velocities +67 km s−1 and +69 km s−1
for a distance of 4.8 kpc (Tian & Leahy 2008b).
Radio recombination lines at systemic velocities from
+42 to +99 km s−1 provide kinematic constraints on the
distance to G29.6+0.1 (Lockman et al. 1996). These val-
ues, along with the distance to the nearby pulsar AX
J1845-0258 (Torii et al. 1998), led Gaensler et al. (1999)
to estimate that G29.6+0.1 is at a distance of 10 kpc.
Tian & Leahy (2008a) measured the distance to
G27.4+0.0 (4C-04.71) in H i absorption to be 8.5 kpc.
Based on X-ray absorption measurements,
Vasisht et al. (2000) determined that the distance
to G29.6+0.1 is 5−−15 kpc (i.e., 10± 5 kpc).
G29.7−0.3 (Kes 75) has several distance estimates de-
rived from H i absorption, separate Σ−D relationships,
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and CO associations (e.g., Caswell et al. 1975; Milne
1979; Becker & Helfand 1984; Su et al. 2009). We adopt
the distance 6.0 kpc, derived by Leahy & Tian (2008)
from H i absorption studies.
Case & Bhattacharya (1998) derived a distance of 12.9
kpc to G31.5−0.6 based on Σ − D estimates, and this
value has been used in previous studies of this remnant
(e.g., Mavromatakis et al. 2001). We adopt this distance
in our study.
The distance to G32.4+0.1 was measured in X-ray ab-
sorption by Yamaguchi et al. (2004), who determined the
remnant lies at d = 17 kpc.
(Frail & Clifton 1989; Green & Dewdney 1992) both
measured the distance to G33.6+0.1 (Kes 79) kinemat-
ically from H i and OH absorption, respectively. Their
measurements both agree with a distance 7.1 kpc.
The distance to 3C 396 has been derived in several
ways, sometimes with discrepant results. Caswell et al.
(1975) use H i absorption to determine 3C 396 is > 7.7
kpc, while X-ray H i column density and CO associations
indicate 6.2 − 8 kpc (Olbert et al. 2003; Hewitt et al.
2009; Su et al. 2011). We adopt the latest kinematic es-
timate of 6.2 kpc as in Su et al. (2011).
Toward 3C 397, H i absorption indicates a distance of
at least 7.5 kpc while kinematic estimates from CO give
10.3 kpc (Caswell et al. 1975; Jiang et al. 2010). We use
this estimate in our analysis.
Enhanced H i absorption toward W49B suggests the
distance is 12.5 − −14 kpc (Lockhart & Goss 1978;
Brogan & Troland 2001), from which we adopt the lower
estimate of 12.5 kpc.
(Leahy et al. 2008) determine the distance to
G54.1+0.3 from morphological association with CO
around 53 km s−1 to be 6.2 kpc.
Optical observations of G59.8+1.2 reveal line emis-
sion in Hα, Hβ, [N II], [S II], and [O III] (Boumis et al.
2005). These data suggest that the SNR has a large
angular size (∼ 20′) and slow shocks (< 70 km s−1).
G59.8+1.2 is also obscured by a H i column density of
NH ∼ 2.5 − 2.8 × 10
22 cm−2. For a Galactic longitude
of l = 59.8◦ and a galactocentric distance of the Sun of
R0 = 8 kpc, the minimum galactocentric distance along a
line-of-sight near the mid-plane is approximately 7 kpc.
We can apply an estimate of the distribution of neu-
tral hydrogen along the line-of-sight to G59.8+1.2 deter-
mined in Kalberla & Dedes (2008) to infer a distance to
this SNR. For n0 = 0.9 cm
−3, Rn = 3.15 kpc and assum-
ing the galactocentric distance is 7 kpc . r . 35 kpc, the
average mid-plane volume density of neutral hydrogen is
nH(r) = n0e
−(r−R0)/Rn (A1)
The distance to which the neutral hydrogen density pro-
file integrates to the measured value of 2.6× 1022 cm−2
toward G59.8+1.2 is d = 7.3 kpc, which we use as the
distance to this SNR.
Associated H i and CO features toward G63.7+1.1
yield a distance of 3.8 kpc (Wallace et al. 1997).
The distance to G69.0+2.7 (CTB 80) has been deter-
mined from H i emission to be approximately 1.5 kpc
(Leahy & Ranasinghe 2012; Park et al. 2013).
H i absorption and a possible CO association toward
G74.9+1.2 (CTB 87) yield a distance estimate of 6.1 kpc
(Kothes et al. 2003).
G76.9+1.0 has an associated pulsar whose coordinates
and spectra best place the SNR in the Outer Arm at
d ∼ 10 kpc (Arzoumanian et al. 2011).
Leahy & Green (2012) determined the distance to
G84.2−0.8 from X-ray absorption to be 6 kpc.
Proper motion measurements of Cas A along with
spectroscopic measurements of the expansion velocity
suggest the remnant is located at a distance of 3.4 kpc
(Reed et al. 1995).
Hailey & Craig (1994) determined the distance to CTB
1 kinematically from optical spectroscopy to be 3.1 kpc.
The distance to Tycho has historically been contro-
versial (e.g., Chevalier et al. 1980; Schwarz et al. 1980).
Measurements of H i absorption at the near and far
side of Tycho suggest the remnant is located at d =
2.5–3.0 kpc (Tian & Leahy 2011) while X-ray proper
motion studies suggest 4 ± 1 kpc (Hayato et al. 2010).
We adopt the near distance estimate 2.5 kpc in agree-
ment with models of the shock wave (Smith et al. 1991;
Ghavamian et al. 2001) and measurements of a reported
companion star (Ruiz-Lapuente et al. 2004).
Several observations of G130.7+3.1 (3C 58) in H i ab-
sorption indicate a distance of 2 − 3 kpc (Green & Gull
1982; Roberts et al. 1993; Wallace et al. 1994; Kothes
2013), from which we adopt the latest estimate of 2 kpc.
As we indicate in § 5.1, HB 3 is located near W3(OH)
in the W3 star-forming region. Hachisuka et al. (2006)
measure the distance to W3(OH) kinematically from wa-
ter masers and find it is located at d = 2 kpc.
Proper motions of ejecta toward G184.6−5.8
(Crab/Crab Nebula) in optical and radio wave-
lengths yield a distance of 2 kpc (Fesen & Staker 1993;
Bietenholz et al. 2004; Rudie et al. 2008).
Welsh et al. (2002) constrained the distance to IC 443
by examining stars whose spectra indicated Na i and Ca ii
absorption from the remnant. These stars constrained
bracketed the distance at 1.5 kpc.
The remaining three SNRs – G12.5+0.2, G23.6+0.3,
and G30.7−2.0 – have no distance estimates and either
have no known type or are classified as having composite
morphology (Table 1). However, the targets have ob-
served sizes and 1 GHz surface brightnesses, to which
we can apply the Σ − D relation and obtain a distance
approximation. We acknowledge that this relationship
should not be applied to remnants that are not shell-
like unless the shell structure is well-resolved or bright
enough that all other emission can be ignored. There-
fore, these distance values should not be interpreted as a
measurement to each SNR but a starting point we calcu-
late for the purposes of our analysis. Using the relation-
ship calculated in Pavlovic et al. (2014) and the angular
size and 1 GHz flux in Green (2014), we find distances
of 15 kpc to G12.5+0.2, 6.9 kpc to G23.6+0.3, and 8.7
kpc to G30.7−2.0.
ANCILLARY DATA ON PREVIOUSLY
DETECTED BML REGIONS TOWARD SNRS
G16.7+0.1 is a composite remnant initially identified
at 5 GHz in Helfand et al. (1989). The remnant has
a steep spectral index between 1.4 GHz and 5 GHz of
α ∼ −0.6. Multiple OH 1720 MHz maser searches have
revealed a source along the southern half of the remnant,
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consistent with one of the brightest regions of the SNR
at 5 GHz (Green et al. 1997; Hewitt et al. 2008). This
maser emission occurs at +20 km s−1, and a tentative
detection of OH (1667 MHz) absorption has also been
reported at +25 km s−1.
Kes 75 was initially identified as a SNR (referred to as
G29.7 − 0.2) between 408 and 5000 MHz by its spec-
tral index (Shaver & Goss 1970). The spectral index
measured in that study demonstrated nonthermal emis-
sion with α = −0.60. Low-frequency observations of
this SNR are dominated by the outer shell where the
emission demonstrates has an even steeper spectral in-
dex, up to α = −0.8 (Kassim 1992). While the overall
morphology appears to be composite, the steep spectral
indices, even at high frequencies, suggests that the shell-
like structure may be the dominant source of nonthermal
emission. An X-ray pulsar was identified toward Kes 75
by Gotthelf et al. (2000). Timing measurements suggest
that the pulsar is relatively young at 723 yr.
Kes 79 was first confirmed as a SNR at 408 and
5000 MHz by Caswell et al. (1975). Subsequent pulsar
detection and X-ray timing observations were performed
with XMM-Newton (Gotthelf et al. 2005; Halpern et al.
2007). These observations confirmed the existence of a
105 ms X-ray pulsar toward Kes 79; however, the char-
acteristic age was determined to be τc = 2P/P˙ > 8 Myr.
This value is significantly larger than the age estimated in
Sun et al. (2004), where the authors identified a bright
inner ring of material at 0.5 − 3 keV as a wind-driven
shell and, assuming this material is expanding outwards
at 5000 − 10000 km s−1, inferred an age of ∼ 6000 yr.
Thus, while Kes 79 is likely a shell-like SNR with an
embedded pulsar, the timing measurements imply the
pulsar was spun up at birth and the younger age is more
accurate.
OH lines at 1666, 1667, and 1720 MHz have been
seen in both emission and absorption toward Kes 79
(Green 1989; Green et al. 1997; Koralesky et al. 1998;
Stanimirovic´ et al. 2003). The OH 1720 MHz maser was
observed at +90 km s−1 in a single-dish detection, al-
though the source has yet to be localized. In absorption,
OH has been observed at +12 and +55 km s−1 and in a
broad feature from +95 to +115 km s−1. It is inferred
that this last feature corresponds to a coincident MC,
and the broadening in OH is due to a shock interaction
with the SNR.
3C 396 was classified as a SNR by Shaver & Goss
(1970). 20 cm emission maps reveal composite mor-
phology with significant brightening along the western
half of the remnant, and especially toward the south-
west (Patnaik et al. 1990). The spectrum at this fre-
quency appears nonthermal (α = −0.42), and measure-
ments of the spectral index at 90 cm agree with this value
(Kassim 1992). Green et al. (1997) reported detection of
OH 1720 MHz maser emission at more than one point-
ing in single-dish observations of the remnant, although
no velocity information or localization was obtained from
these observations. This detection was subsequently con-
firmed by Koralesky et al. (1998) in VLA observations,
and the authors report the presence of a +70 km s−1 OH
line.
3C 397 was resolved and distinguished from a nearby
H ii region to its west by Kundu et al. (1974). The
remnant is bright and compact, with several enhance-
ments in the nonthermal radio emission to its west. The
spectral index is steep from 6 to 20 cm in this region
(α = −0.66) relative to the rest of the shell (α = −0.59)
(Anderson & Rudnick 1993). Observations at 1720 MHz
revealed no OH maser emission and imply that if there
is a SNR-MC interaction the physical conditions may be
too extreme to excite a maser (Green et al. 1997).
W49B was initially identified as a strong radio source
and probable SNR at 408 MHz by Shaver & Goss (1970).
The remnant radio spectrum has a moderately nonther-
mal spectral index between 408 MHz and 15 GHz of
α ∼ −0.48 (Green et al. 1975). Thus far, no OH maser
emission has been detected toward this remnant in tar-
geted searches (e.g., Green et al. 1997).
G54.1+0.3 is a diffuse, low surface brightness radio
source identified as a SNR in Reich et al. (1985). The
source is significantly polarized (7%) at 4.75 GHz, but
has a flat spectral index at this frequency of α ∼ −0.1.
Subsequent observations in the X-ray with ASCA and
at 1175 MHz with Arecibo revealed a 136 ms pulsar,
which combined with the SNR morphology, suggests
that G54.1+0.3 is a Crab-like remnant with an age of
∼ 2900 yr (Camilo et al. 2002).
HB 3 is a large SNR with well-defined shell structure
at 2.7 GHz (Velusamy & Kundu 1974). The remnant
is embedded in a star-forming region that contains the
nearby H ii region W3. Spectral indices from 38 MHz
to 2.7 GHz (α ∼ −0.5) suggest HB 3 has a strong non-
thermal component. There is also evidence for a SNR-
MC interaction from several OH 1720 MHz masers that
have been detected to the southeast of this SNR and
near W3 (Koralesky et al. 1998). One of these detec-
tions, referred to as “W3 northwest” in Koralesky et al.
(1998), occurs at −38.6 km s−1 and is directly to the
southeast of the remnant. Toward HB 3, this systemic
velocity corresponds to a distance of 3.7 kpc, slightly far-
ther than inferred from this Σ−D relation, although HB
3 is extended (∼ 80′) and presumably an old remnant at
this distance (∼ 30, 000 yr in Lazendic & Slane (2006)).
Thus, surface brightness and size estimates are less reli-
able than for younger remnants and may yield discrepant
distances compared to other methods.
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